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PREFACE 
This repor t  presents i n  i t s  four volumes the  r e s u l t s  of s tud ies  
conducted during the  period March 6 ,  1967 -June 30, 1968, under NASA 
research cont rac t  NSR 05-003-189, "Materials Studies Related t o  Lunar 
surface Exploration." This study was sponsored by the  Advanced Lunar 
Missions Directorate ,  NASA Headquarters, and w a s  under the  technical  
cognizance of D r .  N. C. Costes, Space Sciences Laboratory, 
George C. Marshall Space Fl ight  Center. 
This r epor t  reflects t h e  combined e f f o r t  of f i ve  facul ty  investiga- 
tors and a f u l l  t i m e  p ro jec t  manager/engineer assisted by s i x  graduate 
research a s s i s t an t s ,  representing several  engineering and s c i e n t i f i c  
d i sc ip l ines  per t inent  t o  study of lunar surface mater ia l  propert ies .  
James K. Mitchell ,  Professor o f  Civi l  Engineering, served as Principal  
Invest igator  and was responsible fo r  those phases of the  work concerned 
with problems r e l a t ing  t o  lunar s o i l  mechanics and the  engineering 
propert ies  of lunar s o i l s .  Co-investigators were Ian C. Carmichael, 
Professor of Geology, i n  charge of geological s tud ies ;  Joseph Frisch,  
Professor of Mechanical Engineering, who was responsible f o r  analysis  of 
f r i c t i o n  and adhesion problems and the t e s t i n g  of mater ia ls  under high- 
vacuum conditions;  Richard E. Goodman, Associate Professor of Geological 
Engineering, who w a s  concerned with the engineering geology and rock 
mechanics aspects of the lunar  surface; and Paul A. Witherspoon, 
Professor of Geological Engineering, who conducted s tud ie s  r e l a t ed  t o  
thermal and permeability measurements on t h e  lunar surface.  
Francois E. Heuz;, Assis tant  Spec ia l i s t ,  served a s  p ro jec t  manager and 
contributed t o  s tud ies  i n  the  areas of rock mechanics and engineering 
geology. 
I 
V i i  
INTRODUCTION 
I. OBJECTIVES 
I t  i s  axiomatic t h a t ,  among the myriad of technical  and s c i e n t i f i c  
fac tors  t h a t  must be considered i n  the lunar exploration program, t h e  
nature  of lunar  s o i l  and rock surface materials is of prime importance 
i n  the  design of spacecraf t  landing systems, the design of surface 
mobi l i ty  systemsl t he  design of experiments t o  be conducted on the lunar  
surface,  mission planning, and, ult imately,  t o  mission success. With- 
ou t  spec i f i c  knowledge of the mechanical propert ies  of lunar s o i l s ,  
designers and mission planners have no choice but t o  adopt ultraconser- 
vat ive designs and procedures i n  an e f f o r t  t o  insure ast ronaut  sa fe ty .  
Thus it i s  of paramount importance t h a t  as much spec i f i c  information as 
possible  about lunar surface material proper t ies  be obtained p r io r  t o  
the  f i r s t  manned lunar mission, and t h a t  planning and design options fo r  
fu r the r  missions remain open the rea f t e r  i n  order t o  accommodate changes 
a s  more and more spec i f ic  data become ava i lab le .  
The study described i n  t h i s  report  w a s  i n i t i a t e d  i n  an e f f o r t  t o  
better defdne both the  surface material  r e l a t ed  engineering problems 
and the relevant  propert ies  of the mater ia ls  themselves. 
developed as a r e s u l t  of t h i s  e f f o r t  w a s  then u t i l i z e d  i n  spec i f i c  
s tud ies  of problems considered t o  be of cr i t ical  importance and f o r  the  
development of analysis  and t e s t i n g  methods t h a t  appear pa r t i cu la r ly  
promising f o r  the  study of lunar surface propert ies  by both remote and 
t a c t i l e  means. 
Information 
Specif ic  object ives  t h a t  were set a t  the  onset of the  study w e r e :  
1. To define geological and engineering problems associated with 
on-site lunar exploartion dependent on knowledge of so i l  and 
rock propert ies  f o r  solut ion.  
2. To c r i t i ca l ly  evaluate current knowledge concerning lunar 
surface mater ia ls ,  t h e i r  propert ies ,  and t h e i r  re la t ionships  
t o  problems associated with on-site lunar exploration, and t o  
select reasonable models for  lunar surface conditions. 
viii 
3 ,  To make preliminary formulations of desirable on-site soil and 
rock mechanics studies for extended lunar exploration and to 
make recommendations as to appropriate apparatus and required 
astronaut skills for performance of such investigations. 
4.  To undertake preliminary studies for development of rock testing 
devices for use in a borehole on the lunar surface for the 
determination of the stress-strain characteristics of rocks. 
5. To review friction and adhesion problems and to make recommenda- 
tions for improved design of existing apparatus for determina- 
tion of frictional and adhesive characteristics of different 
metallic and nonmetallic materials under high vacuum and at 
high and low temperatures. 
6. To make recommendations and cost estimates for the design of 
apparatus for measuring silicate mineral solubility and viscosity 
at high temperatures and pressures and for determining the 
distribution of silicates between gas and liquid phases. 
7. To review critically theories for the origin of the moon and to 
consider logical sequences for investigations to be carried out 
on the lunar surface for most efficient determination of 
composition, structure and history of the moon. 
The results of studies of this type are intended to aid in attain- 
ment of the following longer range goals: 
1. Development of capability for predicting, at least in a semi- 
quantitative manner, soil conditions at any point on the moon 
on the basis of remote measurements. 
2. Development of capability for detailed quantitative determina- 
tion of soil and rock properties at any chosen site where 
scientific or engineering work is contemplated. 
3 .  Development of methods of analysis suitable €or solution of 
soil and rock mechanics problems on the moon. 
4. Utilization of the information obtained, both as an aid in the 
interpretation of geologic processes on the moon and as a means 
for developing improved understanding of soil and rock behavior 
on the earth. 
i X  
11, SCOPE OF WORK AND OUTLINE OF FINAL REPORT 
A s  work proceeded on each of these object ives  severa l  spec i f i c  
topics  emerged as pa r t i cu la r ly  needing more de ta i led  study, and, 
consequently, during the later phases of the  study e f f o r t s  were 
intensively d i rec ted  a t  these topics.  
s tud ies  of a braod and general  nature within a pa r t i cu la r  area to  the 
i so l a t ion  of s p e c i f i c  problems and more de t a i l ed  s tudies  of these 
problems. 
cons t i tu t ing  t h i s  report, as shown below: 
Thus the trend has been from 
This is re f lec ted  i n  the general  o u t l i n e  o f  the  4 volumes 
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CHAPTER 1 
TRAFFICABILITY 
(James K. Mitchell, Scott S. Smith, and Donald W. Quigley) 
I. INTRODUCTION 
Extended lunar exploration may include surface traverses ranging 
beyond the capability of astronauts on foot. Consequently consideration 
has been given to the design and development of both manned and unmanned 
roving vehicles for mobility purposes. Because of the severe constraints 
on weight, power supply,' and time that will be associated with any lunar 
mission, as well as the need to insure safety to as great an extent as 
possible, a precision of vehicle design and of estimation of relevant 
mobility factors will be needed that exceeds by far any requirements 
imposed on the design and performance prediction of terrestrial vehicles. 
Furthermore, terrestrial vehicle design and mobility prediction are both 
capable of trial and error development because of the opportunity for 
continued testing and redesign under the appropriate environmental and 
soil conditions. In the case of lunar vehicles the designs and predic- 
tions must be correct the first time. 
The design of a vehicle to negotiate a given terrain depends on 
both the topographic characteristics of the terrain and the physical 
properties of the surface materials with which the vehicle interacts. 
Factors of particular importance are the following: 
A. Topography Related Factors 
1. Mean terrain slope on a scale compatible with the length 
of a contemplated traverse or part of traverse. 
2. Distribution of lunar-surface roughness characteristics 
on a scale compatible with the dynamic response charac- 
teristics of the vehicle. 
B. Surface Material Related Factors 
1. Lateral homogeneity of surface conditions. 
2. Relative stiffnesses of vehicle wheel and suspension 
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3,  
4. 
5. 
Not all 
system and the ground. 
The bearing capacity and the pressure-sinkage relationship 
of the supporting ground; i-e., the surface yielding 
characteristics. 
Resistance to wheel motion due to sinkage and "bulldozing" 
action. 
Tractive force that can be developed at the vehicle-ground 
interface. This will be strongly dependent on the friction- 
adhesion characteristics between the wheel and the surface, 
and the strength characteristics of the supporting soil mass. 
factors in either group or between groups are independent of 
each other; nonetheless, such separation is convenient. Emphasis during 
the present project has been on the consideration of methods for handling 
group B factors. It is pertinent to note, however, that the Astrogeofogy 
Branch of the U. S. Geological Survey at the suggestion of the Marshall 
Space Flight Center has studies in progress o f  the topographic character- 
istics in a data format that can be used for the design and testing of 
lunar roving vehicles. 
MSFC, Jet Propulsion Laboratory, Manned Spacecraft Center, General Motors, 
Chrysler, Bendix, Bellcom, ACIC, and others. The "power spectral density" 
function provides one useful form for presentation of terrain data for 
use in vehicle design. Rozema (1967) has recently summarized the method 
for determination of the power spectral density function and illustrated 
its interpretation as a quantitative terrain roughness indicator, 
Additional work on this problem is being done by 
Unfortunately the data available for lunar terrain characterization 
on a scale needed for mobility analyses are severely limited. 
Orbiter photographs, while providing complete coverage of the near side 
of the moon do not, in general, provide high enough resolution for terrain 
characterization on a scale compatible with vehicle dimensions. 
addition, strong photogrammetric analysis is not possible because of 
(1) limited stereo coverage of the moon, (2) a very small base-height ratio, 
and (3 )  distortion between adjacent Orbiter framelets. Some profiles are 
becoming available through application of photoclinometry; however this 
technique suffers from the lack of the needed photographic resolution 
Lunar 
In 
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and the  necessi ty  f o r  assuming an average photometric function. Thus 
the m o s t  r e l i a b l e  topographic analysis  of  s m a l l  t e r r a i n  fea tures  is 
l imited t o  the  a reas  i n  the v i c i n i t y  of the  f i v e  successful Surveyor 
landing sites and those areas covered by the f i n a l  pre-impact photos i n  
the Ranger V I I ,  V I I I ,  and I X  series. 
Industry,  e.g., Bendix Corporation, AC Electronics ,  Chrysler 
Corporation, Grumman Ai rc ra f t ,  Hayes In te rna t iona l ,  TRW, Northrup, and 
o thers ,  has made extensive study of vehicles  suitable f o r  operation on 
the lunar surface (both manned and unmanned) Several model and 
prototype designs have been invest igated,  and ra ther  extensive test 
programs have been conducted. 
been based on an t ic ipa t ion  of soft s o i l  conditions on the moon. 
Wheel designs have been used which have 
Ef fo r t  during the  present  pro jec t  w a s  concentrated on the wheel- 
surface in te rac t ion  p a r t  of the t r a f f i c a b i l i t y  problem. 
of the s tud ies  were (1) t o  review methods f o r  solut ion of mobility 
problems, ( 2 )  to present recommendations f o r  a method t o  be used fo r  
in tegra t ion  of s o i l  data i n t o  vehicle design and mission planning, and 
(3 )  t o  consider methods f o r  determination of the needed s o i l  data .  
The object ives  
This chapter is organized as follows. F i r s t  the two most widely 
used methods f o r  solut ion of off-road mobili ty a re  summarized and t h e i r  
po ten t i a l  app l i cab i l i t y  to  the  lunar t r a f f i c a b i l i t y  problem is examined. 
Next the general  approach t o  lunar mobility s tud ies  as developed by 
NASA and expressed i n  terms of the ELMS (Engineering Lunar Model Surface) 
model is examined i n  terms of current  knowledge of t he  lunar  surface.  
A s imi l i tude  approach t o  the  solut ion of the  soi l -vehicle  in te rac t ion  
problem i s  then discussed, followed by the  presentation of recommenda- 
t i o n s  f o r  fu r the r  t heo re t i ca l  and experimental study of the t ra . f f ica-  
b i l i t y  problem. A number of recent  references per t inent  t o  lunar 
t r a f f i c a b i l i t y  are summarized i n  Appendix A t o  t h i s  chapter and comment 
is made where appropriate.  
11. METHODS FOR TRAFFICABILITY ANALYSIS 
Two main approaches have been developed fo r  so lu t ion  of off-the-road 
mobility problems; i.e.,  t h a t  developed by the U. S .  Army Ordnance Tank- 
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Automotive Command Land Locomotion Research Laboratory and t h a t  of the  
Army Mobility Branch, Corps of Engineers, Waterways Experiment Stat ion.  
A. U. S, Army Ordnance Tank-Automotive Command Land Locomotion 
Research Laboratory Method (Soi l  Value System) 
The U. S. Army Ordnance Tank-Automotive Command Land Locomo- 
t i o n  Research Laboratory i n  the  1950's, under the d i r ec t ion  of 
D r .  M. G. Bekker, developed a quasi- theoret ical  method of t r a f f i c a b i l i t y  
analysis  (Bekker, 1956, 1960; Reece, 1964, 1966; Liston, 1964; Roth, 1960). 
In t h i s  method a semi-rational analysis  is  used from which 
equations fo r  t r a c t i v e  e f f o r t  and res i s tance  t o  motion can be derived. 
The difference between these quant i t ies  gives the force ava i lab le  f o r  
accelerat ion o r  climbing slopes. The pressure-sinkage r e l a t i o n  is  given 
by the following power law. 
kc p = (b+ k )zn cb 
It should be noted t h a t  this re la t ionship  is  independent of applied 
t r a c t i v e  e f f o r t .  I f  it is assumed that the shearing res i s tance  of the 
s o i l  increases continuously with s t r a i n ,  the shear stress i n  the s o i l  
is  computed using 
- j/K) s = (c + p t an  4) (1 - e (1-2) 
The terms i n  equations (1) and ( 2 )  are defined as follows 
p = pressure applied t o  the  s o i l  
b = width of loaded area 
z = depth of penetration of applied load (sinkage) 
s = s o i l  shear stress 
j = soi l  shear deformation 
K = s t r e s s - s t r a in  constant 
n,k ,k ,c,4 = s o i l  constants 
c ( I ,  
The soil  deformation constants n ,  k and k are obtained from the r e s u l t s  
of loading tests performed on t w o  p la tes  of  d i f f e r e n t  s izes .  
C f  4 
The s o i l  
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s t rength  constants c and Cp and the  s t r e s s - s t r a in  constant,  K,* are 
obtained by r o t a t i n g  an annular r ing  f i t t e d  with grousers on the s o i l  
surface (Bevameter). The pa t t e rn  of s o i l  deformation developed i n  t h i s  
t es t  is d iss imi la r  to t h a t  developed under wheels. 
various s o i l  constants are given i n  Table l -1  f o r  several  s o i l s .  Unfor- 
tunately unique re la t ionships  between the  s o i l  deformation constants 
and the commonly used s o i l  mechanics s t rength  and densi ty  parameters 
(c, 4, p )  do not appear to  exist .  
Values of the 
Using these re la t ionships  for  s o i l  response, equations can be 
derived theo re t i ca l ly  which are intended to describe vehicle  performance 
and s o i l  t r a f f i c a b i l i t y .  The general form of these re la t ionships  is 
shown below (Bekker, 1962) : 
Total Thrust (HI : 
R 
H = b I, sdR 
where 
b = width of loaded area 
R = length of loaded area 
Motion Resistance due t o  Soil Compaction (R): 
z m 
R = b I, pdz 
where 
z = maximum depth of sinkage of loaded area m 
(1-4) 
*For s o i l s  which exh ib i t  a peak i n  the stress vs s t r a i n  curve with 
stress f a l l i n g  o f f  t o  an ult imate value less than the peak value, t w o  
s t r e s s - s t r a in  constants,  Ki and K2 a re  needed. 
1-6 
a, 
CJ 
$4 
a, 
W 
$ 
2 
M 
d 
0 
8 
n 
.rl 
fn a 
CJ 
W 
d 
0 
-rl 
U 
a 
.rl 
$4 
CJ 
v) 
9) n 
rl 
.rl 
0 
m 
rl 
1 
0 
o m  . .  
m m d o  m a L ? a b C o  m 
U N  c o l - l c O m o I  I o a a r l r l r l  . . . .  . m a  . . . . . .  
o r l o o r l *  9 r l o o o o o  0 0  
. .  
0 0  
1, . 
W a r l  
N . . . . . I 1  . . . . . .  . .  0 m o o o r l l - l  b o o m  
h m b a a  - * 0 W W m - N  4 0  
4 - m  4 N 
rl 0 .  el 
rl Flu b e J  m . . . . . I 1  . . . . . .  co 
0 0 0 0 0  o m e l o a e l  r l r l  
. .  
0 0  h l r l  N 
0 
m 0 
0 03 0 0 0 0 0  o o m o o o  
m N m o  m r l m  m m m m  rl 
W .--I m 
0 m r l  I b O r l  a a a a z  
m 
a m m m m  m N 
0 m e a m w e J  a d d  rl 
0 o o o o a o  0 0 0 0 0  m o o  
. . . . .  . . . . . .  . . .  
r-l w (d rr) 
0 
a 
m 8 
e cl 
a 
m 
h 
$4 
8 
n 
a 
m 8 
ir; n 
a 
m 
w 
?: 
!=I 
a 
W 
0 
d 
I 
W 
QI 
II * 
a 
m 
3 
3 
3.1 
ir; n 
U 
4 
9-l cn 
a 
a, 
r-l 
U 
U 
a, 
m 
h 
2 
.rl 
Fr 
n 
m 
d 
II 
V 
3 
b y  
W 
El 
8 
0 
I 4  
h a 
m 
n 
M 
0 
N 
II 
V 
s' 
: 
8 
W 
0 
4 
h a 
m 
n 
M 
N 
N 
II 
V 
3 
W 
El 
0 
4 
h a 
m 
h 
(d 
d 
V 
U 
0 c z 
3 m 
1-7 
Vehicle Drawbar-Pull (DP) : 
DP = H - R  
Drawbar-Pull-to-Weight Ratio ( A ) :  
DP 
W 
A = -  
where 
w = total vehicle weight 
Maximum Negotiable Slope (a) : 
a = ( loox)% 
(1-5) 
(1-6) 
Power Required to Drive t h e  Vehicle with a Velocity,v(HP): 
Rv HP = - 
1?1 
(1-8) 
where 
v i  = mechanical efficiency of running gear and transmission 
Range o f  Action in a Homogeneous Terrain (L): 
1-8 
where 
e = energy reservoir ava i lab le  
q2 = power conversion ef f ic iency  of the engine 
Fuel Consumed i n  a Non-Homogeneous Ter ra in  (F): 
(1-10) 
where 
x = spec i f i c  f u e l  consumption of vehicle 
Specif ic  equations representing the  above re la t ionships  fo r  
various types of vehicle running gear can be found i n  many references,  
including Bekker (1956, 1960, 1962) and W i l l i s  (1966) . 
The Land Locomotion Laboratory o r  Bekker method of t r a f f i -  
c a b i l i t y  analysis  has come under c r i t i c i sm i n  recent years because of 
simplifying assumptions and questionable predict ive capabi l i ty .  
pressure-sinkage equation has been c r i t i c i z e d  ( W i l l i s ,  1966) ; the 
assumed pressure d i s t r ibu t ion  on the r o l l i n g  wheel has been shown t o  be 
incor rec t  (Onafeko and Reece, 1967) ; "slip-sinkage" has been neglected 
(Reece, 1964); and horizontal  s o i l  deformation has been neglected, 
(Reece, 1964). In  essence, the  method does not  adequately describe 
the complex soi l -vehicle  in te rac t ion ,  and thus cri t ics of the 
method contend t h a t  it usual ly  r e s u l t s  i n  an overestimation of a veh ic l e ' s  
performance i n  a given s o i l .  A fur ther  se r ious  l imi ta t ion  is  t h a t  the 
method was derived and evaluated only f o r  vehicle performance on l e v e l  
ground. 
The 
On the other  hand, the proponents of the method can a l so  show 
evidence t h a t  tends t o  support its va l id i ty .  Thus, it is not  a t  a l l  
c l e a r  a t  the present  t i m e  j u s t  how much value the method r e a l l y  has. 
Onafeko and R e e c e  (1967) conclude t h a t  this method is the  only ex i s t ing  
method which provides a bas i s  f o r  the development of a more complex and 
r e a l i s t i c  analysis .  They note a l so  t h a t  fo r  conditions of zero s l i p  
1-9 
and small sinkage the predict ions of r o l l i n g  resistance and sinkage 
a r e  qui te  c lose t o  the measured values. The method can perhaps bes t  
be considered as a first step towards the goal o f  an ana ly t i ca l  system 
of soi l -vehicle  mechanics t h a t  may be used i n  the design of vehicles  
and the pred ic t ion  and evaluation of t h e i r  performance. This method 
has been used f o r  most lunar roving vehicle  design and t e s t i n g  s tudies  
conducted thus f a r .  It appears t h a t  most individuals  involved i n  
these designs are cognizant o f  many of i t s  l imi ta t ions ;  however, t he re  
is no other method which is now avai lable  t h a t  w i l l  provide a bas i s  for  
quant i ta t ive  analysis .  
B. A< 
S ta t ion  Method 
The bas i s  of t h i s  method is t h a t  vehicle support by the s o i l  
and t r ac t ion  are dependent on the shearing res i s tance  of the s o i l  and 
t h a t  t h i s  res i s tance  can be measured by a simple penetrat ion t e s t  
(Reece, 1965-1966; Roth, 1960; Waterways Experiment S ta t ion ,  1954). It  
is a purely empirical  method developed over a period of about 20 years f o r  
the  purpose of quickly determining i n  the f i e l d  whether or not an area 
of natural. ground i s  negotiable by a given vehicle.  The method i s  based 
upon a measure of s o i l  s t rength  provided by a cone penetrometer. 
The cone index is  defined by the pounds force t h a t  must be 
applied t o  the handle of the cone penetrometer, per square inch of 
cone base area,  i n  order t o  force it i n t o  the ground. A cone with a 
30° apex angle and one-half square inch base area is used f o r  the 
measurement. A s  the  cone penetrometer is forced i n t o  the ground, the  
var ia t ion  of cone index with depth is determined. 
To estimate the cone index t h a t  w i l l  p reva i l  under the moving 
vehicle  fo r  mu3ticoverage operations,  a remolding tes t  is necessary. This 
t es t  cons is t s  of measuring the  cone index of a sample of s o i l  confined i n  
a s m a l l  cyl inder  before and a f t e r  pounding it with 100 blows of a 
2-1/2 pound hammer f a l l i n g  1 2  inches. A remolding index is obtained by 
dividing the cone index of the s o i l  a f t e r  it has been pounded by i t s  cone 
index before the blows w e r e  applied.  A r a t i n g  cone index (RCI)  , the f i n a l  
measure of a s o i l ' s  t r a f f i c a b i l i t y ,  is obtained by multiplying the in - s i tu  
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cone index by the  remolding index. Multicoverage operations a re  not  
l i k e l y  t o  be of g rea t  importance during lunar  exploration. 
Whether o r  not a vehicle  w i l l  be able t o  pass over a given 
s o i l  can be predicted by comparing the r a t i n g  cone index of the s o i l  
with the  vehic le ' s  vehicle cone index (VCI) . The (VCI)  is equal t o  the  
(RCI)  of a s o i l  over which the  vehicle can pass e i t h e r  50 t i m e s  i n  the  
same r u t s  without becoming immobilized (50-pass c r i t e r i o n )  o r  a s ing le  
t i m e  (one pass c r i t e r i o n ) .  The (VCI) has been re la ted  t o  vehicle charac- 
t e r i s t i c s  using the  vehicle mobility index ( M I ) .  Empirical re la t ionships  
between ( M I )  and (VCI) have been establ ished fo r  d i f f e r e n t  vehicles.  The 
nature  of these relat ionships  and the procedure for  computing the mobili ty 
index are  out l ined i n  Appendix B. Roth (1960) ind ica tes  t h a t  the maximum 
slope negotiable by a vehicle can be r e l a t ed  t o  the d i f fe rence  between 
the  r a t ing  cone index and the vehicle cone index. 
This method, commonly referred t o  as t h e  WES cone index method, 
has been found t o  pred ic t  the mobility ("go" o r  "no-go") of d i f f e r e n t  
vehicles  very w e l l  f o r  w e t  c lay s o i l s  and less w e l l  but  s t i l l  s a t i s -  
f a c t o r i l y  f o r  granular s o i l s .  The method i n  i t s  present form cannot be 
used fo r  determination of design parameters for new vehicles  o r  f o r  
predict ion of a l l  parameters needed f o r  de t a i l ed  mission planning. 
III, APPLICATION OF METHODS TO LUNAR TRAFFICABILITY PROBLEMS 
Of the two methods discussed thus f a r ,  the  Bekker s o i l  value system 
would appear a t  f i r s t  glance t o  provide the most useful  information f o r  
so lu t ion  of roving vehicle t r a f f i c a b i l i t y  problems s ince  t h i s  system 
y ie lds  quant i ta t ive  vehicle design and performance data .  The cone index, 
on the  other  hand, i s  l imited t o  "go" andl'no-go" predict ions.  
Consideration must a l s o  be given, however, t o  the soil t e s t ing  
required f o r  obtaining the  needed s o i l  da ta  f o r  use i n  each method. 
The s o i l  t e s t i n g  device used i n  the Bekker method is  the  Bevameter 
(Bekker, 1956, 1960, 1965; Thorman, 1963). This instrument i s  used t o  
perform loading tests on t w o  p l a t e s  of unequal area and an annular r i n g  
shear test. All test da ta  are automatically recorded i n  graph form. 
There are disadvantages t o  the test, however, and they a re  formidable. 
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Although the tests a r e  not d i f f i c u l t  t o  perform, they are t i m e  consuming, 
A lunarized version as present ly  designed has t o  be mounted e i t h e r  on a 
spacecraf t  o r  lunar roving vehicle.  
and quickly deployed, it w i l l  be d i f f i c u l t  t o  perform many tests i n  a 
number of d i f f e r e n t  areas. 
Because it cannot be hand ca r r i ed  
A major d i f f i c u l t y  i s  that the annular shear test does not give 
accurate values of (9, the apparent angle of i n t e rna l  f r i c t i o n  fo r  
granular mater ia ls .  Comparisons with shear tests have invariably shown 
t h a t  Bevameter values of (9 are too low (Reece, 1964; Bailey,  1965). 
R e e c e  w a s  unable to  find any consis tent  cor re la t ion  between values of c 
and (9 determined using the Bevameter and those determined using t r i a x i a l  
and plane s t r a i n  tests and concluded t h a t  a b e t t e r  understanding of the  
Bevameter r ing  shear test  is needed. 
perform tests a t  the surface of a soil deposi t  and cannot be used to 
determine the var ia t ion  of s t rength t o  a depth of one o r  two wheel widths; 
i.e., t o  a depth s ign i f i can t  i n  terms of induced stresses. 
Fina l ly ,  the Bevameter can only 
The WES cone index method uses a cone penetrometer t es t  t o  obtain an 
index of the pe r t inen t  s o i l  s t rength propert ies .  The device is  hand held 
and eas i ly  transported.  In i t s  present form, the U. S. Army cone pene- 
trometer is  not  s e l f  recording, but  the I s r a e l i  Corps of Engineers has 
developed such a device (Bailey, 1965). The main advantages of the cone 
penetrometer a r e  i t s  s implici ty  and t ranspor tab i l i ty .  
ca r r i ed  and used many t i m e s  over a wide area without consuming a g r e a t  
deal  of t i m e .  I t  can a l so  probe below the  surface of the s o i l  t o  obtain 
s t rength values a t  depths down t o  1-1/2 to  2 fee t .  
i s  t h a t  proper in t e rp re t a t ion  of test da ta  requires considerable experience 
and t h i s  could%e a ser ious l imi ta t ion  fo r  lunar operations.  The 
instrument does not  provide e x p l i c i t  values of c and (9. 
the  device is  easy t o  use, da ta  it provides may be d i f f i c u l t  t o  i n t e r p r e t .  
It can be hand 
Its main disadvantage 
Therefore, while 
In a sense the  two methods of t r a f f i c a b i l i t y  analysis  are comple- 
mentary r a the r  than conf l ic t ing .  
design of vehicles ,  while the  WES method i s  used primarily fo r  the de te r -  
The Bekker method is  used mainly f o r  the 
mination of vehicle  mobility i n  a given area.  Vehicle design can be more 
adequately performed by use of the Bekker method because it enables 
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quant i ta t ive  estimates t o  be made of drawbar-pull capac i t ies  and power 
requirements- 
is  most e a s i l y  determined by use of the  cone penetrometer and the WES 
method of mobility analysis.  
i n  a given area of the lunar surface can only be estimated (a t  the 
present t i m e )  by use of the Bekker method. 
Whether or  not a given vehicle can t raverse  a given s o i l  
Power requirements for  vehicle t raverses  
It  appears, therefore ,  t h a t  both methods i n  t h e i r  present form are 
unsuitable f o r  d i r e c t  application t o  the lunar s o i l  mobility problem. 
Most s tudies  thus f a r  have made use of the Bekker approach. It should 
be noted, however, t h a t  wheel designs proposed t h u s  f a r  f o r  lunar 
roving vehicles a re  such t h a t  performance is  r e l a t ive ly  unaffected by 
the s o i l  conditions. This is i l l u s t r a t e d  more spec i f ica l ly  l a t e r .  
I V .  ENGINEERING LUNAR MODEL SURFACE (ELMS MODEL) 
The Engineering Lunar Model Surface (ELMS) was developed because of 
a need for  a standard representat ive l u n a r  surface p r o f i l e  t o  serve a s  a 
reference fo r  determination of lunar roving vehicle performance require- 
ments and for  evaluation of performance capab i l i t i e s  of proposed designs 
(Mason, McCombs and Cramblit, 1964) . 
Twenty 100-kilometer traverses w e r e  se lected from Maria and Uplands 
regions of the moon ( ten  from each).  P ro f i l e s  for  each of these t raverses  
w e r e  determined using lunar surface maps, char t s  and photographs. Ranger, 
Orbi ter ,  and Surveyor missions had not been flown a t  the  time t h i s  w a s  
done. Because of the very s m a l l  scale  of the  data ava i lab le ,  the 
p ro f i l e s  r e f l e c t  slopes on a regional sca le ;  i . e . ,  tens  of kilometers 
horizontally and hundreds of  meters ve r t i ca l ly .  
char t s  were prepared t o  show percent of t o t a l  distance and frequency of 
occurrence versus slope angle fo r  both Maria and Upland Regions. 
From these p ro f i l e s  
Assumptions were made fo r  the s o i l  propert ies  associated with t h e  
Maria and Upland prof i les .  
of dry,  powdery, dust  o r  f i n e  sand-like pa r t i c l e s .  It w a s  fu r ther  
assumed t h a t  the  s teeper  the slope the more compact and strong the s o i l  
cover. Cohesion w a s  assumed t o  be zero and the f r i c t i o n  angle was taken 
as 32".  On t h i s  bas i s  k and n ,  respectively,  were assumed t o  increase 
It w a s  assumed t h a t  the lunar surface cons is t s  
9 
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from 0-5 and 0.5 for slopes up to 4' to values of 6.0 and 1,25 for slopes 
between 20' and 25O. Slopes greater than 30° were assumed to have a hard 
surface. It was further assumed that slippage factors K1 and K2 
(Bekker, 1956) should be 0.2 and 1.25, respectively. 
At the time the ELMS model was developed, specific mechanical 
property data for the lunar surface and detailed terrain profiles were 
virtually non-existent and assumptions were required in order that roving 
vehicle studies could proceed. With the availability of Ranger, Orbiter, 
and Surveyor data it became possible to make more accurate analyses of 
slope distributions on the lunar surface and to re-examine the soil 
property assumptions. Vaughan (1967) has made such a reanalysis for the 
Mare areas of the moon. 
Vaughan's updated ELMS model differs from the original ELMS model 
primarily in terms of the subdivision of lunar terrain into baseline 
models and the distribution of slopes within the subdivisions. Essentially 
the same soil constants are assumed as for the original ELMS model. These 
properties are independent of the baseline model and depend only on slope 
angle as indicated in Table 2. 
Table 2 
Soil Constants for Updated ELMS Model 
(After Vaughan, 1967) 
Slope Angle 
n (degrees 1 !k - Soil Type 
<6 0.5 0.5 Very fine grained material 
6-10 1.0 0.75 Medium grained fragmental material 
10-20 3 .O 1 .o Loose type fragmental material 
20-30 6 .O 1.25 Bonded, fragmental material 
similar to hard sand 
35 6 .O 1.25 
For all slopes: c = 0 tan 4 (for drawbar-pull calculations) = 
k = O  0.4 to 0.7. Coefficient of friction for 
ky= 0.2 metallic materials in contact with lunar 
k2= 1.25 surface = 0.6 
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The four basel ine models assumed by Vaughan and t h e i r  cha rac t e r i s t i c s  
may be summarized as follows: 
(1) Dark Mare Model 
a .  Dark i n  tex ture  (albedo = 0.068) with low median slopes ( % 7 O f .  
Pockmarked with craters ranging from a few centimeters t o  
f i v e  meters i n  diameter. 
b. Larger craters (20-30 m) are assumed t o  have blocky ejecta 
(1 m e t e r  o r  less) within a radius  of 2 crater diameters 
f r o m  crater center .  
c. Power spec t ra l  densi ty  function* t o  character ize  t e r r a i n  f o r  
mobili ty purposes: 
P(Q> = kQN m2/cycles/m 
k = 2.4 X 
$2 = 0.05 - 0.5 cycle/meter 
N = -2 
(2 )  Regional Mare Model 
a. Albedo = 0.075 t o  0.090, moderate slopes with pronounced 
heterogeneity; r idges,  c r a t e r  f i e l d s ,  i r r egu la r  depressions, 
subdued c r a t e r s ,  domes, r i l l es ,  etc. a r e  superimposed on 
the basic  m a r e  material .  
b. Crater d i s t r ibu t ion  is random and the craters i n  the 
20-30 m range are considered t o  have blocky e j e c t a  (1 m o r  
less) within a radius  of 2 crater diameters from the 
crater center.  
c. Power spec t r a l  densi ty  function parameters: 
k = 4.3 X 
$2 = 0.05 - 0.5 cycles/meter 
N = -  2 
*See Appendix A ,  7. and 8. ,  and Rozema (1967) 
1-15 
(3) Smooth-Rayed Mare Model 
a. Albedo = 0,088 to  0,096, areas of the dark regional mare 
upon which a mixture of blocky rubble and f ine  grained 
materials have been deposited. Small craters and t h e i r  
ejecta are subdued by fine-grained mater ia l .  
l i t t e r e d  with boulders 1 m o r  la rger .  
Some areas 
b. Craters  are randomly d i s t r ibu ted  and c r a t e r s  i n  the 
20-30 meter range have blocky e j e c t a  (1 m o r  less) within 
a radius of 2 crater diameters from the crater center .  
c. Power spec t ra l  densi ty  function parameters: 
k = 3.6 X 
$2 = 0.05 - 0.5 cycles/meter 
N = -2 
(4) Rough-Rayed Mare Model 
a. Albedo = 0.096 t o  0.114, rough e j ec t a  blankets and many 
slope reversa ls  due t o  secondary c r a t e r s  not ye t  f i l l e d  
i n  by f ine-grained material. 
b. Craters a re  randomly d i s t r ibu ted  and c r a t e r s  i n  the 
20-30 meter range have blocky e j e c t a  (1 m o r  less) within 
a radius  of 2 crater diameters f romthe  c r a t e r  center .  
c. Power spec t ra l  densi ty  function parameters: 
k = 5.8 X 
R = 0.05 - 0.5 cycles/meter 
N = -2 
The d i s t r ibu t ion  of s lopes assumed f o r  each of these models i s  
shown i n  Fig. 1-1. Also shown i s  the slope d i s t r ibu t ion  i n  the v i c i n i t y  
of the  Ranger 7, 8, and 9 impact areas as developed by Choate (1966). It 
may be seen from Fig. 1-1 t h a t  f o r  slope angles i n  the  range of about 2 t o  
6O the  Smooth-Rayed Mare Model gives the  c loses t  approximation t o  the 
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actual d i s t r ibu t ion  found by Choate, For a l l  models proposed by 
Vaughan the proportion of slopes grea te r  than 6 t o  8O i s  higher than 
f o r  areas s tudied by Choate. 
Subsequent t o  the work of Choate (1966) and Vaughan (1967) more 
de t a i l ed  analyses of the t e r r a i n  revealed by Orbi ter  and Surveyor 
photography have been made by the Astrogeology Branch of t he  U. S. 
Geological Survey.* The r e s u l t s  of t h i s  work suggest t h a t  a more 
realistic representat ion of lunar  slope d i s t r ibu t ions  can be made 
through character izat ion of the surface topography by four t e r r a i n  types:  
smooth mare, rough mare, hummocky upland, and rough upland. Work by the  
U.S.G.S. is continuing on t h i s  bas i s .  
Fig. 1-2 shows the approximate c ra t e r  d i s t r ibu t ion  t o  be expected 
i n  a 50 km2 area i n  the v i c i n i t y  of a c e r t i f i e d  LM landing s i te  f o r  
each of the basel ine t e r r a i n s  fo r  the updated ELMS model. 
A s  more information has  become avai lable  concerning the actual  
topographic cha rac t e r i s t i c s  of the lunar surface and the  mechanical 
proper t ies  of the surface mater ia l ,  it has become apparent t h a t  r igorous 
adherence t o  the conditions assumed by the  o r ig ina l  and updated ELMS 
models is n o t  appropriate.  A s  noted above, the recent  s tud ies  by the 
U.S.G.S.  show t h a t  more reasonable cha rac t e r i s t i c s  of t e r r a i n  types a r e  
possible.  Power spec t ra l  densi ty  methods a r e  now being used t o  
represent the surface roughness cha rac t e r i s t i c s ,  and the appropriate 
values of the  parameters k ,  and N can be determined by photoclinometric 
s tud ies  of d i f f e r e n t  regions (provided su i t ab le  Orbi ter  photographs a r e  
ava i lab le) .  
Since the  Surveyor r e s u l t s  have shown there  t o  be l i t t l e  d i f fe rence  
between mechanical propert ies  a t  each of the f ive  landing s i t e s ,  there  
is no evidence t o  support the assumption of the ELMS model t h a t  soi l  
s t rength increases  with increase i n  slope angle a s  indicated i n  Table 1-2. 
Furthermore, the  Bekker t r a f f i c a b i l i t y  system is not  d i r e c t l y  appl icable  
to locomotion on slopes. Thus the s ignif icance of any predict ions made 
using the ELMS model propert ies  would remain i n  question, even i f  t he  k 4 
*Pike, R. (1968) Unpublished. 
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and n values were correct, 
It is instructive, however, to consider the values for the soil 
constants that might be appropriate for trafficability analysis by 
the Bekker method should estimates of behavior be desired using this 
approach. According to the updated ELMS model, Table 2, k increases 
from 0.5 to 6.0 as the slope angle increases from less than 6 O  to 20"; 
whereas n increases from 0.5 to 1.25 over the same range. k is taken 
as zero. The coefficient of friction for metallic materials in contact 
with the lunar surface is assumed to be 0.6.* 
has led him to the conclusion that appropriate values of k and n for 
the lunar soil are 5.0 and 1.0, respectively. 
cp 
C 
Analysis by Scott (1968)** 
4 
Since it has been clearly established that the lunar soil is 
slightly cohesive (0.05 - 0.1 psi), the k term in equation (1-1) should 
also have a value. Its importance relative to k cannot be stated at 
present, however. 
as there appears to be little correlation between c and k for 
different soils. Even in the case of dry sand there appears to be some 
question concerning the value of k . Tests by the Waterways Experiment 
C 
cp 
The data in Table 1 are of little help in this regard 
C 
C 
964) on dry Yuma Sand gave values as high as 10 depending on 
the density of the material. This same study yielded values of k in 
the range of 4 to 16, increasing with density (96 - 106 lb/ft3). 
of interest to note also that for the Yuma sand at a density of 96 lb per 
cu ft, the friction angle was 37O, k was about 8 3 ,  k was in the range 
of 0 to 4, and n was 0.67 with scatter from 0.6 to 0.9. Thus for the lunar 
soil with $ = 37" assumptions of k = 5 and c = 0 may be reasonably conser- 
vative; whereas, a value of n = 1.0 may be slightly high. 
cp 
It is 
+ C 
0 
In spite of the fact that performance factors computed using the 
Bekker equations may be in considerable error, it would be instructive at 
this stage to make a parameter study of the influence of variations of 
properties on the performance of different types of wheels. 
*This coefficient should have a controlling influence on the slip between 
wheel and soil, which in turn will influence performance. Existing 
theories do not account adequately for friction and/or adhesion between 
wheel and soil. Actual values for the interaction between metals and the 
lunar soil are not known. 
**Scott, R. F., personal communication, May 1968. 
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V. MOBILITY AND TRAFFICABILITY ANALYSIS BY SIMILITUDE 
Both the soil value system and the WES cone index method for 
trafficability and vehicle mobility analysis have advantages and 
disadvantages when applied to the lunar mobility problem as stated in 
an earlier section. These are (1) the soil value system yields quanti- 
tative information that can be used for the design and performance 
analysis of vehicles, but it rests on uncertain theory and requires soil 
tests for determination of parameters that are not conveniently adapted 
to lunar operations, and (2) the cone index method provides only 
"go-no go" information which cannot be used in design or for quantitative 
performance predictions, but the needed soil data can be obtained using 
a simple penetration test which could be easily adapted for use on the 
moon. While the land locomotion soil values can be converted to cone 
index values in accordance with equation (A-6), it is not possible at 
the present time to convert in the reverse direction. 
of cone index measurements on the moon could not be used by themselves 
as a basis for performance evaluation using the soil value system. The 
method under development by Van Deusen (Appendix A, Abstract G) for 
analysis 0-f the dynamic interaction of vehicles and the lunar surface 
may be useful, provided reliable values for the needed soil parameters 
Thus the results 
can be obtained. 
Attention was directed at an approach under development by the 
Waterways Experiment Station which may ultimately provide practical 
solutions to a range of mobility problems (WES, 1965; Freitag, 1965, 
1966a, 196633). This approach is based on the results of a dimensional 
analysis of the significant soil-vehicle parameters. Relationships are 
defined which give a dimensionless measure of vehicle performance and a 
set of dimensionless numbers which describe the soil-vehicle system. 
The cone index is used as a measure of the soil properties. For a satu- 
rated clay soil the cone index, 
value (units: ML-1T-2) is used directly. In the case of ideal cohesion- 
less soils the cone index increases linearly with depth, for a homogeneous 
deposit, and the gradient, G (units: 
depth curve is used. 
is constant with depth and its cwES 
ML-2T-2), of the cone in&x versus 
The method has apparently not yet been developed 
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sufficiently to take soils exhibiting both cohesion and friction into 
account a 
The dimensionless measures of vehicle performance are: 
Pull number = DP/W 
Sinkage number = z/d 
Torque number = Q/dW 
Towed force number = PT/W 
(1-12) 
(1-13) 
(1-14) 
(1-15) 
where 
DP = pull of wheel (MLT-2) 
W = load on wheel (MLT-2) 
z = wheel sinkage (L) 
d = wheel diameter (L) 
Q = torque on powered wheel (ML2T-2) 
PT = force required to tow the wheel (MLT-2) 
The dimensionless numbers used to describe the soil-vehicle 
system are: 
‘WES bd [$ 1/2 
W Clay mobility number = 
G(bd) 3/2 
w Sand mobility number = 
(1-16) 
(1-17) 
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where 
b = t i re  width (L) 
6 = t i re  def lect ion (L) 
h = t i re  sect ion height  (L) 
The WES has had good success i n  the development of graphs, from 
the r e s u l t s  of model tests, which relate the performance parameters t o  
the sand and c l ay  mobility numbers. These cor re la t ions  a re  then used 
t o  pred ic t  the  performance cha rac t e r i s t i c s  of prototype vehicles.  
these already establ ished re la t ionships  su i t ab le  for  descr ipt ion of 
lunar roving vehicle  wheel performance, then the  approach would be very 
a t t r a c t i v e  fo r  so lu t ion  of lunar  mobility problems, s ince not only 
could the simple cone index test be used fo r  measurement of the s o i l  
propert ies  bu t  a l s o  meaningful model t e s t s  could be conducted on ea r th  
fo r  analysis  of the soi l -vehicle  interact ion.* 
Were 
Unfortunately the WES method does not  allow for  a s o i l  possessing 
both f r i c t i o n a l  and cohesive s t rength components. The cohesion of lunar  
s o i l s  is s u f f i c i e n t l y  small, however, t h a t  the material  could probably 
be considered a s  cohesionless without g rea t  loss of accuracy. Of more 
s ignif icance,  however, is the f a c t  t h a t  the dimensionless cor re la t ions  
have been developed fo r  pneumatic t ires.  The metal-elastic and w i r e  
wheels proposed f o r  lunar roving vehicles probably do not behave i n  a 
s imi la r  manner t o  pneumatic t i res .  
Nonetheless an e f f o r t  w a s  made t o  determine whether the WES 
cor re la t ions  gave an approximate prediction of the cor rec t  performance 
of the metal-elastic wheel, s ince some ac tua l  performance data  w e r e  
ava i lab le  ( i n  the report  described i n  AbstYact I ,  Appendix A) 
fo r  two s o i l s ;  a coarse, dry sand and very s o f t ,  f l u f fy  p e r l i t e .  The 
wheel performance data  could be used d i r e c t l y ;  however, cone index 
gradient values had t o  be estimated from k which w a s  given i n  the  
repor t  for  each soil. This conversion w a s  based on a k vs  G curve 
4 
4) 
*The AC Electronics-Defense Research Laboratory has worked o u t  the 
s imil i tude requirements f o r  modelling of lunar  vehicles on ear th  so 
t h a t  vehicle dynamics may be simulated. 
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published by the  WES (Green, 1967). The same values are obtained 
using equation (A-6) and the  appropriate values of k and n fo r  the  
s o i l s  tes ted .  
are shown i n  Fig. (1-3) f o r  the metal elastic wheel on both sand and 
p e r l i t e .  Fig. (1-4) compares predicted and measured values of the 
towed force number (motion res i s tance) .  
0 
Predicted and measured values of the p u l l  number, DP/W, 
It may be seen t h a t  the performance values fo r  the  metal-elastic 
wheel are not  i n  agreement with the values predicted on the basis  of 
the WES cor re la t ion  curve i n  the case of the  p u l l  number. One o r  
more of several possible f ac to r s  may be responsible f o r  t h i s  discre-  
pancy. I n  the  development of the sand mobility number, three "pi"  
terms were neglected i n  the  dimensional analysis  because they w e r e  
considered of minor importance i n  a pneumatic t ire-sand system. These 
t e r m s  include the wheel s l i p  (SI, the s o i l  f r i c t i o n  angle ($1, and the  
coef f ic ien t  of f r i c t i o n  between t i r e  and s o i l  (p). A l l  pneumatic tires 
studied by WES developed maximum drawbar p u l l  a t  about 20% s l i p .  Both 
the metal-elastic and w i r e  wheels proposed f o r  lunar roving vehicles 
develop maximum drawbar p u l l  a t  about 60% s l i p .  
Yuma sand, used by WES, had a f r i c t i o n  angle of 35O - 37"; 
whereas, the dry sand and p e r l i t e  used f o r  the metal-elast ic  wheel tests 
had f r i c t i o n  angles of 29O and 31°, respectively.  I t  would be expected 
t h a t  the value of 1-1 between pneumatic t i re  and s o i l  would d i f f e r  from 
t h a t  between metal wheel and s o i l .  
In addi t ion t o  these f ac to r s ,  the pressure d i s t r ibu t ion  under the  
w i r e  and metal-elast ic  wheels is l i k e l y  t o  d i f f e r  considerably from t h a t  
under a pneumatic t i re  as a consequence of the much d i f f e r e n t  load 
d i s t r ibu t ing  cha rac t e r i s t i c s  of the two wheel types. 
e l a s t i c  wheel and the pneumatic t i r e  represent  geometrically d iss imi la r  
systems and it is not  surpr i s ing  t h a t  d i f f e r e n t  cor re la t ions  should 
e x i s t  between the dimensionless performance and soi l -vehicle  i n t e rac t ion  
factors .  Furthermore the wheel loads and contact pressures t h a t  a r e  
l i k e l y  fo r  lunar roving vehicles  a re  of considerably smaller magnitude 
than fo r  usual t e r r e s t r i a l  vehicles.  
Thus the  m e t a l -  
0 
0 
0 1  0 0 
O F -  
21 cd 0 
o a  
cu 
0 
I 
U 
W 
m 
2 
3 z 
>- 
I- 
1 
0 z 
0 
z 
0 
- 
- 
m 
a 
1-25 
a c 
cd tn 
0 
0 
0 
0 
3 
0s 
0 
0 
0 z 
cn a 
1-26 
On the o ther  hand Fig,  1-4 shows good agreement between the 
extrapolated WES cor re la t ion  curve fo r  t he  towed force number and the 
observed towed force re la t ionship  for  the  m e t a l  e l a s t i c  wheel. This 
number measures the r o l l i n g  res i s tance  of the wheel and it may be seen 
therefore ,  t h a t  f r o m  t h i s  standpoint the metal-elast ic  wheel behavior 
is a s  e f f i c i e n t  as would be ant ic ipated f o r  a pneumatic t i re .  
From t h i s  analysis  it appears reasonable t o  conclude t h a t  the 
cor re la t ions  already developed fo r  pneumatic tires, which permit the  
appl icat ion of model tes t  r e s u l t s  t o  the predict ion of prototype 
vehicle  performance and make possible  a l s o  the  determination of per- 
formance values from a knowledge of the cone index, cannot be 
extended d i r e c t l y  t o  the case of wheel types proposed fo r  lunar roving 
vehicles.  For these types of wheels it would be necessary t o  conduct 
an extensive test program f o r  determination of the appropriate 
cor re la t ion  f ac to r s  between mobility number and each performance para- 
meter. I t  is recommended t h a t  such a program be car r ied  o u t ,  s ince 
the  cone index method for  s o i l  property evaluation would be so easi ly  
adaptable to the lunar surface.  Time is  shor t ,  however, and vehicle 
designs are now w e l l  along. 
value system has been used fo r  handling soi l -vehicle  in te rac t ion .  Thus 
it is  desirable  a l s o  t h a t  the s o i l  value approach be s tudied fur ther  t o  
b e t t e r  determine i t s  overa l l  r e l i a b i l i t y .  E f fo r t  should be made t o  
develop simple methods f o r  determining &he s o i l  value system parameters. 
In the majority of instances the s o i l  
Some addi t iona l  comment on the p u l l  number (P/W) da ta  contained i n  
Fig. 1-3 is  i n  order.  It may be seen t h a t  the values f o r  the metal 
elastic wheel w e r e  only s l i g h t l y  greater  f o r  the sand than for  the 
p e r l i t e  i n  s p i t e  of the f a c t  t h a t  the p e r l i t e  was a very s o f t  and com- 
press ib le  material compared with the sand. The pu l l  t h a t  could be 
exerted by the wheel w a s  considerably less than t h a t  which could be 
developed by a pneumatic t ire.  
w i r e  wheel. 
numbers increased the pu l l  number decreased, which is opposite to  the 
behavior shown by the pneumatic t i re .  
Similar behavior was observed for  the 
In addition the r e s u l t s  show t h a t  a s  the sand mobility 
The metal-elast ic  wheel behavior is consis tent  with a design 
object ive which would produce a wheel which is intended €or operation 
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over a wide range of s o i l  types from very s o f t  t o  hard. In  e f f e c t  a 
wheel has been developed whose performance is r e l a t i v e l y  in sens i t i ve  to 
s o i l  type. The penalty paid f o r  t h i s  is t h a t  the wheel is less 
e f f i c i e n t  i n  t e r m s  of p u l l  to weight r a t i o  than is the more conventional 
pneumatic t i r e d  wheel e 
Further evidence of the in sens i t i v i ty  of metal-elastic wheel per- 
formance t o  s o i l  cha rac t e r i s t i c s  i n  cohesionless s o i l  is provided by 
the  following analysis .  Bekker (1960) has given the following equation 
f o r  maximum drawbar pu l l  f o r  a rectangular loaded area of width, b ,  and 
length,  R. 
DP = bRc + W tan  4 - 
(n + 1) (kc -I- bk )'In Q, 
(1-18) 
For the metal-elast ic  wheel 
and R was 20.4 inches. For 
equation (1-18) becomes: 
under a 100 l b  
a cohesionless 
load, b was 10.0 inches 
s o i l ,  c and kc = 0. Thus 
DP = W t an  9 - 
(n + 1) (bk4)1/n 
Wl/n - -  DP - t an  4 - 
W (n + 1) (bk ) l / n ( R )  (n + l ) / n  
4 
(1-19) 
(1-20) 
Evaluation of the second t e r m  on the r i g h t  shows it t o  be only 
about 0.01 using the  appropriate values f o r  b ,  R ,  and W ,  and k fo r  
p e r l i t e .  For the dry sand the  value would be even less. Thus f o r  t h i s  
type of wheel the optimum p u l l  number could be given simply by: 
4 
DP 
W 
- -  - t an  9 (1-21) 
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Although the p e r l i t e  w a s  highly compressible and the dry sand was 
e s sen t i a l ly  incompressible they had s i m i l a r  values of 4 (31O and 29O) 
DP and thus according t o  equation (1-21) optimum values of -should be W 
comparable. Fig. 1-3 shows t h a t  i n  f a c t  they were. 
Now t h a t  it has been establ ished t h a t  the  lunar surface is i n  
f a c t  not covered by a thick layer  of highly compressible dus t  and t h a t  
the  s o i l  p roper t ies  a re  s i m i l a r  t o  those of a "damp sand" t e r r e s t r i a l  
s o i l ,  some reconsideration of lunar  roving vehicle design may be i n  
order.  The r a the r  high degree of conservatism embodied by the w i r e  
and metal-elast ic  wheels may not  be needed. Problems of vehicle 
dynamics, slope negot iab i l i ty ,  and maneuverability may be more impor- 
t a n t  than the problem of soil-wheel in te rac t ion  on the lunar surface 
as regards the design of a vehicle  t h a t  w i l l  permit t r a v e l  on the 
lunar surface. A g rea t ly  improved understanding of wheel-soil i n t e r -  
ac t ion  w i l l  be needed, however, i f  designs a re  t o  be optimized. 
V I .  NEEDED TRAFFICABILITY RESEARCH 
A s  a r e s u l t  of s tudies  thus f a r  it would appear, a t  l e a s t  i n  the  
v i c i n i t y  of the  Surveyor s i tes ,  t h a t  our knowledge of the  mechanical 
propert ies  of surface s o i l s  on the moon exceeds our present  a b i l i t y  t o  
use t h a t  knowledge i n  a quant i ta t ive  manner f o r  the design of lunar  
roving vehicles  and predict ion of t h e i r  performance. This is  not t o  
say, however, t h a t  we now know a l l  w e  need to know concerning the s o i l  
propert ies .  Quite the contrary,  it is st i l l  imperative t h a t  the ten ta-  
t i v e  conclusion from Surveyor r e s u l t s  t h a t  surface s o i l s  are reasonably 
s imi l a r  i n  proper t ies  a t  d i f f e r e n t  points  on the moon must be confirmed. 
Density estimates are s t i l l  open t o  question, and r e l i a b l e  values of 
the coef f ic ien t  of f r i c t i o n  between lunar s o i l s  and m e t a l s  a r e  needed. 
Perhaps the most important but  least known aspect of  lunar  s o i l  
behavior needed f o r  t r a f f i c a b i l i t y  analyses i s  the s t r e s s - s t r a in  
re la t ionship  associated with lunar  s o i l  deformation. Some pressure-sinkage 
da ta  were obtained using the  So i l  Mechanics Surface Sampler on 
Surveyor V I I .  Hopefully these da ta  w i l l  provide some b e t t e r  ins ight  i n to  
the problem. Visual observations during the Surveyor program as  w e l l  a s  
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the  known behavior of terrestrial s o i l s  having similar ult imate s t rength  
proper t ies  (c and 4) ind ica te  t h a t  the lunar s o i l  deforms as an almost 
incompressible material. Thus the  general f o r m  of the s t r e s s - s t r a in  
re la t ionship  can be estimated. 
wheel-soil i n t e rac t ion  w i l l  probably require  spec i f i c  quant i ta t ive  know- 
ledge of t h i s  re la t ionship.  
Meaningful quant i ta t ive  analysis  of 
Earth-based simulations may provide one possible source fo r  t h i s  
needed information. 
densi ty ,  cohesion, and angle of in te rna l  f r i c t i o n  can be prepared and 
t e s t ed  under confining pressures  representat ive of those on the moon, 
The r e su l t s  of such tests would provide in s igh t  in to  the deformation 
behavior of ac tua l  lunar so i l s .  Simple tests; e.g., penetrometers, 
Simulated lunar s o i l s  having the proper gradation, 
analysis  of spacecraf t -soi l  and astronaut-soi l  in te rac t ions  during ea r ly  
Apollo missions, w i l l  provide invaluable da ta  concerning lunar s o i l  
v a r i a b i l i t y  and, t o  some ex ten t ,  the s t ress -s t ra in  behavior. Studies of 
lunar  r o l l i n g  s tones (see Volume I, Chapter 3 )  are  a fu r the r  source of 
useful  information r e l a t ing  t o  wheel-soil in te rac t ion .  A simple t e s t  
could eas i ly  be devised t o  provide useful data  on the behavior of r o l l i n g  
wheels during ea r ly  Apollo missions. For example, an instrumented "wheel- 
on-a-stick" could be fabricated,  o r  spheres of d i f f e r e n t  s i z e  and densi ty  
could be ro l l ed  down c ra t e r  wal ls  and t h e i r  t racks  photographed. 
More complex tests and apparatus could be devised fo r  use on the 
lunar  surface t h a t  would d e t a i l  more exact ly  the deformation behavior 
under the pa r t i cu la r  tes t  conditions selected.  There would, a t  t h i s  
s tage ,  be l i t t l e  t o  be gained by doing t h i s ,  however. The reason f o r  t h i s  
i s  contained i n  the  opening sentence of t h i s  section. Without a va l id  
theory o r  r e l i a b l e  empirical bas i s  for  making performance predict ions it 
is impossible t o  know exactly what form of s o i l  data are needed and how 
they should be obtained. 
It i s  recommended, therefore ,  t h a t  research be in t ens i f i ed  on the  
problem o f  wheel-soil in te rac t ion  with s tud ie s  proceeding on two f ron t s .  
For the  shor t  range it may be possible t o  extend the WES simil i tude 
method t o  performance predict ions for  lunar  roving vehicle  wheels. T e s t s  
should be conducted using appropriate wheel types and loadings and 
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simulated lunar soils. Investigations should made of the influence of 
wheel load, wheel size, wheel slip, soil conditions, terrain inclination 
as related to wheel performance parameters (sinkage, motion resistance, 
drawbar pull, torque). Empirical correlations thus established would 
probably provide as reasonable a basis as any at present for prediction 
of performance. If possible, soil properties should be introduced into 
these correlations by means of cone penetrometer test results. The test 
is simple, the apparatus is simple, and cone penetrometer measurements 
could easily be made in early Apollo Missions. 
For the long range, intensified efforts should begin now to develop 
an improved understanding of the mechanics of wheel-soil interaction with 
the ultimate objective of the formulation of a rational theory for per- 
formance prediction. Such a theory should relate wheel characteristics, 
loading conditions, soil properties and performance in a consistent 
manner. The task is formidable and the result may be in a form so 
complex that it cannot be applied in a practical manner. Nonetheless the 
results would still serve to focus attention on (1) the relative impor- 
tance of various vehicle system factors and (2) the soil properties 
pertinent to solution of the problem. 
analysis of the interdependent character of the stresses and deformations 
Such a study should begin with an 
in the wheel and soil. 
analyses possible using numerical techniques. 
Modern computation methods often make such 
VII. CONCLUSIONS 
The following conclusions and recommendations have emerged from this 
preliminary study of the soil-vehicle interaction part of the lunar 
roving vehicle trafficability problem. 
(1) While complete monoscopic photographic coverage of the moon has 
been provided by Orbiter, the small scale and limited quality 
and quantity of stereo coverage makes topoyraphic analysis on 
the scale needed for trafficability studies difficult. 
(2 )  Both the soil value (U. S. Army Ordnance Tank-Automotive 
Command Land Locomotion Research Laboratory Method) and the cone 
index (Army Mobility Branch, Corps of Engineers, Waterways 
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Experiment Stat ion)  systems of t r a f f i c a b i l i t y  analysis  have 
been reviewed. These two systems a r e  used most extensively 
fo r  off-the-road locomotion s tudies  a t  the present  t i m e .  The 
major advantage of the s o i l  value system is  t h a t  it yie lds  
quant i ta t ive  values of performance parameters, e.g. t o t a l  t h r u s t ,  
drawbar p u l l ,  power requirements, fue l  consumption, which can 
be used f o r  vehicle design and mission planning. Its major 
disadvantages are t h a t  p a r t s  of the theore t ica l  bas i s  of t h e  
method are questionable, the t e s t i n g  required fo r  determination 
of the needed s o i l  data  is  complex and not readi ly  adaptable t o  
lunar surface operations,  and it is d i r e c t l y  applicable only t o  
l e v e l  ground conditions. 
The cone index method, on the other hand, involves very 
simple penetrat ion t e s t i n g  which could be e a s i l y  adapted f o r  
lunar operations. The disadvantage of t h i s  method, however, 
is t h a t  the information obtained is  only su i t ab le  for  de te r -  
mination of whether a given vehicle  w i l l  o r  w i l l  not s a t i s -  
f a c t o r i l y  negot ia te  a given t e r r a i n .  
overcome i n  the fu ture  through fur ther  development of s imi l i tude  
analysis  techniques . 
This may possibly be 
(3) A review of recent  t r a f f i c a b i l i t y  and mobility l i t e r a t u r e  has 
indicated the following (See Appendix) : 
a.  The s o i l  value system appears t o  be widely used a s  a bas i s  
f o r  lunar roving vehicle analyses. 
b. It would be des i rab le  t o  continue s tudies  f o r  development 
of methods of converting c ,  4 ,  and p t o  k k and n. c' 0' 
c. A means fo r  conversion of cone index da ta  t o  s o i l  value 
system parameters would be very useful.  
d. Further analysis  of bearing capacity approaches t o  vehicle  
mobility would appear des i rab le .  
e. The analogue computer technique fo r  modeling the dynamics of 
soi l -vehicle  in te rac t ion  appears promising (Abstract G 
Appendix A) and i s  deserving of fur ther  study. 
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f .  A number o f  reports were reviewed which are concerned 
mainly with the design and t e s t i n g  of proposed lunar 
roving vehicles  of various types. Many of these s tud ies  
were done on simulated lunar-surface materials t h a t  were 
prepared without the deta i led  knowledge of s o i l  conditions 
t h a t  has been provided by Surveyor. Some reanalysis  and 
fur ther  t e s t ing  using "Surveyor Soi l"  would appear i n  
order .  
(4 )  The Engineering Lunar Model Surface (ELMS) has been reviewed 
and found inappropriate fo r  quant i ta t ive  representat ion of 
lunar  surface proper t ies  for  t r a f f i c a b i l i t y  analyses. Terrain 
character izat ion techniques now being developed by the U.S.G.S.  
are promising. Further work is needed before r e a l i s t i c  and 
r e l i a b l e  analysis  of s o i l  vehicle in te rac t ion  can be made. 
(5) A s imi l i tude  approach t o  the so lu t ion  of lunar t r a f f i c a b i l i t y  
problems is  very appealing, s ince  quant i ta t ive  measures of 
vehicle  performance could conceivably be obtained using model 
tests and the r e s u l t s  of simple s o i l  tests; e.g. cone index. 
Unfortunately the  s imil i tude cor re la t ions  developed by the 
Waterways Experiment Stat ion fo r  pneumatic tires do not appear 
su i t ab le  fo r  descr ipt ion of the behavior of proposed lunar 
vehicle  wheels; e.g. metal-elastic wheel, w i r e  wheel. I t  is 
des i rab le  t h a t  accelerated test programs be i n i t i a t e d  with the  
objec t ives  of (1) possible  extension of the method €or use with 
proposed lunar vehicle  wheel types and (2)  evaluation of key 
t r a f f i c a b i l i t y  f ac to r s  such as the  influence of slopes and 
l i g h t  wheel loads and contact pressures.  
(6) A l imited study of avai lable  data  on the performance character-  
i s t ics  of the metal-elastic and w i r e  wheels suggests t h a t  these 
designs may be overly conservative fo r  appl icat ion t o  the lunar  
surface.  Some reconsideration of these designs appears i n  
order .  
(7) Needed t r a f f i c a b i l i t y  research has been considered and spec i f i c  
recommendations a r e  made i n  Section V I  f o r  (1) t e r r e s t r i a l  
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t e s t i n g  of simulated soils,  (2) t e s t i n g  on the lunar surface 
during ea r ly  Apollo missions, (3 )  fur ther  development of the  
s imi l i tude  method f o r  t r a f f i c a b i l i t y  analysis ,  and (4) i n t ens i -  
f i ed  s tudies  f o r  b e t t e r  theore t ica l  descr ipt ion of wheel-soil 
in te rac t ion .  
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a 
A 
b 
Bo 
i 
C 
C 
cS 
%S 
d 
DP 
e 
E 
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F 
Fr 
G 
h 
H 
HP 
j 
k 
kc' kQ1 
K, o r  
K1, KP 
d i s t r ibu t ion  exponent 
constants representing the e l a s t i c  propert ies  o f  the  wheel 
penetrat ion area 
width of loaded area 
cha rac t e r i s t i c  width of loading p l a t e  
s o i l  cohesion 
surface roughness coef f ic ien t  
s o i l  coef f ic ien t  of viscous damping 
WES cone index 
wheel diameter 
drawbar p u l l  
energy reservoir  
Young's modulus 
r ad ia l  penetration of obstacle i n t o  the c i r c l e  of the undeformed 
wheel 
fue l  consumption 
r ad ia l  force 
cone index gradient 
t i re  sect ion height 
t o t a l  t h r u s t  
horsepower 
s o i l  shear deformation 
constant for  any given spec t ra l  estimate 
s o i l  sinkage constants 
s o i l  s t ress -s t ra in  constant(s1 
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Ki 
K 
S 
L 
'i 
M 
M I  
n 
N 
ND 
N 
9 
P 
pm 
Q 
r 
R 
RC I 
RN 
S 
T 
V 
V C I  
W 
W 
Y 
soil constant 
coefficient of subgrade reaction 
length dimension 
range of vehicle action 
mass 
vehicle mobility index 
soil sinkage constant 
constant for any given spectral estimate 
composite bearing capacity factor 
Terzaghi bearing capacity factor 
normal pressure 
pressure required for fluidization 
wheel towing force 
power spectral density function 
orque on powered wheel 
distance between contact element and axle 
motion resistance due to soil compaction 
rating cone index 
random number 
correlation function 
soil shear stress 
time 
vehicle velocity 
vehicle cone index 
wheel deformation 
vehicle weight 
obstacle height 
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maximum obstacle height 'max 
Yo random surface p r o f i l e  
z depth of penetration of applied load (sinkage) 
z maximum sinkage possible o r  sinkage a t  which collapse occurs m 
a 
Y 
a 
6 
8 
R 
rll 
n2 
V 
x 
xp 
P 
'1: 
maximum negotiable slope 
s o i l  un i t  weight 
f i n i t e  length 
t i re  def lect ion 
angle from the v e r t i c a l  t o  a point  on the wheel circumference 
length of loaded area  
mechanical eff ic iency of running gear and transmission 
power conversion eff ic iency of the engine 
Poisson's r a t i o  
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constants for  a pa r t i cu la r  wheel 
s o i l  density 
dis tance between points 
s o i l  angle of i n t e rna l  f r i c t i o n  
spec i f i c  fue l  consumption of vehicle  
s p a t i a l  frequency 
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APPENDIX l - A  
RECENT TRAFFICABILITY AND MOBILITY LITERATURE 
A review of recent l i t e r a t u r e  on t r a f f i c a b i l i t y  and mobili ty,  
A pa r t i cu la r ly  as r e l a t ed  t o  lunar roving vehicles  has been made. 
number of these papers and r epor t s  are summarized here and comment is 
made where appropriate t o  a i d  i n  assessment of the state-of-the-art .  
A. "An Analysis of New Techniques f o r  the Estimation of Footing Sinkage 
i n  Soi ls" ,  by L. Karafiath,  Land Locomotion Research Branch, OTAC 
Report N o .  18, October 1957 
Theoretical  evaluation is made of new techniques introduced by 
the Land Locomotion Research Laboratory f o r  the purpose of deter-  
mining the  sinkage of various loaded areas  i n  terms of kc, k+ and 
n values. New re la t ionships  were establ ished between the f r i c t i o n  
k and n values a s  follows: angle, 4, and k+, 
C 
For a s t r i p  load: 
+ 1  1 n = R N  + 1  
3 
(1-A-1) 
(I-A-2) 
2ND 
where 
N = f($) = 2 1  f o r  '$I = 30° and 58 fo r  $ = 36O 
ND = g($) = 4.6 f o r  41 = 30° and 10.6 f o r  (9 = 36' 
q 
R = width of the  loaded s t r i p  
y = s o i l  u n i t  weight 
Comment: Since the Bekker method as crude as it may be, provides 
about the only presently available basis for quantitative vehicle 
performance estimates, a method for converting measured c, 0, and 
y data to values of k k and n would be useful. This approach 
based on the assumption of incompressible soil deformation is an 
attempt at such a method. 
of circular footings, a bearing area geometry probably more suitable 
for analysis of lunar vehicles than a strip, the soil constant n is 
very sensitive to roughness of the loading plate through its 
influence on the length of the failure surface. 
c' 4 
When put in a form suitable for analysis 
For the case of strip loading n is very insensitive to varia- 
tions in the internal friction angle of the soil, 0, having a 
value only slightly greater than 1.0. The equations show 
+ k4] to? sensitive to variations in 0 however. 21 addition 
calculated [e + km] values indicate a discrepancy in the method. 
For example, assuming that ($ = 35O, y = 0.01 lb/in3, R = lo", 
equation (1-A-1) gives a value of 0.4 for 
assumed to be small, than k = 0.4. Therefore, equation (1-A-1) 
yields a value for k which is approximately one-tenth the value 
estimated by Scott (1968) from the results of the Surveyor 
experiments. 
4 
cp 
B. "Locomotion Over Soft Soil and Snow", by A. Assur, SAE Publication 
No. 782F, January 1964 
A relationship between load and sinkage is derived for 3 
different types of soil behavior under load. 
1. Fluidization - progressive increase in compressibility of 
soil under increasing load (progressive failure) . 
2. Compaction - progressive decrease in compressibility of soil 
under increasing load. 
3 .  Collapse - progressive increase in compressibility of soil 
followed by collapse at maximum load. (Analogous to a crust 
over a soft foundation soil). 
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C a s e  1 
Fluidizat ion 
C a s e  2 
Compaction 
Case 3 
Collapse 
A 
2 
P =  
1 - 2 / Z m  
I 
P =  
1 + z2/2 m 
(1-A-3) 
(1-A-4) 
(1-A-5) 
In  these equations: 
p = pressure 
z = sinkage 
b = width of loaded area 
30 = cha rac t e r i s t i c  width of loading p l a t e  
= pressure required for  f i n a l  f l u id i za t ion  pm 
z = maximum sinkage possible i n  C a s e  2 o r  sinkage a t  which m 
collapse occurs i n  Case 3 
The constants K 
two load-sinkage tests on a s o i l  using two loading p l a t e s  of 
B O ,  p,, and zm can be determined by performing if 
d i f f e r e n t  width, b. They a l so  may be determined from Bekker's 
s o i l  constants  k 
ships apply d i r e c t l y  t o  the behavior of  sands, c lays ,  and snow. 
kc, and n. According t o  Assur, these r e l a t ion -  +' 
Comment: The relat ionships  between sinkage and load fo r  s o i l  have 
been derived using assumed simple relat ionships  between the s o i l  
s t i f f n e s s  and pressure or sinkage depending on the case. There- 
fore ,  the  v a l i d i t y  of these expressions is d i r e c t l y  determined by 
the  v a l i d i t y  of these assumptions. 
equations can be e a s i l y  determined by p lo t t i ng  two curves from the  
test data ,  
s t r a i g h t  l i n e  Case 1 is applicable and i f  the l a t e r  p l o t  is a 
s t r a i g h t  l i n e  Case 2 o r  C a s e  3 can be used. Because of the com- 
p lex i ty  of the problem it is not l i k e l y  t h a t  A s s u r ' s  re la t ionships  
w i l l  be a l l  inclusive.  
The app l i cab i l i t y  of these 
z versus p2 and - versus z2. I f  the f i r s t  p l o t  is a 
Z P 
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C. "Prediction of WES CONE INDEX by Means of Land Locomotion So i l  
Values", by 2.. Janosi,  OTAC Report N o .  5 ,  December 1958 
The purpose of t h i s  paper w a s  t o  present the  r e s u l t s  of an 
invest igat ion which indicated t h a t  the "cone index" could be 
predicted f r o m  the soil value system parameters, k 
The reverse procedure of predict ing the  physical s o i l  values f r o m  
the cone index alone is  not  possible.  The cone index i n  terms of 
kc, k+, and n is  given by: 
(9' kc and n *  
(1-A-6) 
( Z  + 1 . 5 ) ~ ~  ( 2  + 1.5) 
(n + 1) (n + 2)  n + 2  n + l  
I] ] n + 2  n + 2  - Z + + 0.516k 
The computed cone index w a s  very close t o  the measured C i n  the  
case of sand, but i n  the case of c lay the  values w e r e  i n  e r r o r  by 
a s  much as 40%. 
WES 
Comment: Development of re la t ionships  t h a t  would enable deter-  
mination of k k and n from cone index and cone index gradient  
would be of considerable value s ince cone index measurements on 
the moon would be much e a s i e r  than Bevameter tests. 
c,  (9 
D. "Bevameter 100. A New Type of Field Apparatus f o r  Measuring 
Locomotive Stress-Strain Relationships i n  Soi l s" ,  by F. Pavl ics ,  
Proceedings of the F i r s t  Internat ional  Conference on the Mechanics 
of Soil-Vehicle Systems, June 1961 
The object ive of t h i s  paper w a s  t o  develop a t es t  method 
u t i l i z i n g  r i g i d  wheels f o r  measuring physical s o i l  parameters used 
kc, k c ,  (9, K) . Theoretical  i n  land locomotion mechanics (n,  
analysis  w a s  made a s  the  load-sinkage and t r ac t ion - s l ip  r e l a t ions  
f o r  a r i g i d  wheel. T e s t s  w e r e  performed i n  two d i f f e r e n t  kinds of 
s o i l .  This new approach w a s  proposed t o  provide a quick and 
9' 
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continuous method fo r  s o i l  t e s t ing  i n  the f i e l d ,  
Comparison of test  r e s u l t s  obtained from wheel tests with 
those obtained with the  conventional bevameter showed t h a t  the  
sinkage s o i l  parameters (n,  k , k ) w e r e  i n  very close agreement. 
shear s o i l  parameters (c and $1 were s l i g h t l y  higher i n  the wheel 
tests. There is  a s ign i f i can t  difference between the values of 
the deformation modulus K,  bu t  it w a s  f e l t  t h a t  the K from wheel 
tests w a s  more accurate than the K from the  conventional test .  
c 9  
Comment: A simple "wheel-on-a-stick" measurement f o r  the lunar 
surface has been suggested by us  and U. S. Geological Survey 
Personnel. If ever given fur ther  consideration, then t h i s  
reference must be s tudied i n  d e t a i l .  
E. "Engineering Lunar Model Obstacles (ELMO)", by J. R. Ol iv ie r  and 
R. E. Valentine, NASA TR-145-D, March 1965 
I t  w a s  recommended i n  the ELMS* model t h a t  a 20 percent 
allowance be included t o  cover the energy required t o  negotiate 
small objects .  Since no ana ly t ica l  method could be found fo r  
defining the microporfile of the lunar  surface and fo r  computing 
energy required fo r  t ravers ing  such a p ro f i l e ,  the  method i n  t h i s  
paper w a s  developed to f i l l  the need. 
parameters, t e r r a i n  de f in i t i on  spacing and t e r r a i n  elevat ion,  t o  
describe surface roughness. Terrain def in i t ion  spacing i s  used 
as a specif ied constant value. 
according t o  the d i s t r ibu t ion  function. 
The procedure uses two 
Elevations a re  chosen randomly 
(RN) a ymax Y =  
where 
RN = random number 
a = d i s t r ibu t ion  exponent 
= maximum obstacle  height 'max 
(1-A-7) 
*The Engineering Lunar Model Surface (ELMS) was discussed i n  more d e t a i l  
i n  a previous sect ion.  
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A surface p r o f i l e  from such a system y ie lds  a series of d i sc re t e  
points ,  The general roughness of t he  t e r r a i n  can be adjusted by 
varying the parameters. 
Assumptions used w e r e :  
1. The reference plane is  horizontal  
2.  The vehicle m a s s  acts a t  t he  wheel center  
3 .  The vehicle moves i n  only two d i rec t ions  
4. The wheels are r i g i d  
5. Energy values are idea l  energies 
6. Constant wheel spacing 
7. I n e r t i a  e f f e c t s  can be neglected 
Comment: It i s  our understanding t h a t  ELMO has been abandoned i n  
favor of power spec t ra l  density methods fo r  descr ipt ion of surface 
roughness. 
between heights  a t  any two given points  are ignored; i . e . ,  the  
height a t  any given poin t  i s  assumed t o  be unaffected by t h e  height  
a t  any adjacent point.  Consideration of natural  t e r r a i n s  shows 
t h a t  it is  unrea l i s t i c  t o  assume t h a t  a maximum height  is  a s  l i k e l y  
t o  be followed by one near the minimum as by another near  the 
maximum. 
A major l imi t a t ion  of ELMO is  t h a t  na tura l  re la t ionships  
F. "A Technical Discussion on Terrain Characterization and Simulation 
Using Spectral  Methods", by GM's Defense Research Laboratories, 
September 1965 
A method which avoids the p i t f a l l s  inherent i n  the ELMO and 
ELMS models, i s  t i m e  series o r  spec t r a l ,  analysis .  It  allows 
simple and quick reconstruction of models of sample t e r r a i n s  having 
desired s ta t is t ical  propert ies .  With the assumption t h a t  a terrain 
area of moderate s ize  is  homogeneous with respect  t o  surface 
roughness, the s t a t i s t i c a l  propert ies  of a s ing le  t e r r a i n  p r o f i l e  
are examined i n  order t o  character ize  the  e n t i r e  t e r r a i n  area. 
When analyzing random processes, the  cor re la t ion  function def ines  
the  degree of re la t ionship  a s  a function of the horizontal  dis tance 
between two elevat ion points .  The cor re la t ion  function, R ( T ) ,  i s  
equal t o  the average of the products of the elevat ion of po in ts  
spaced a t  a dis tance T .  
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R ( T )  = Average [g(t) g(t + - r ) I  
1: = distance between points. 
Under the assumption of homogeneity 
(1 -A-8 ) 
(1-A-9) 
This equation is approximate because of finite length A .  
By applying a Fourier transform and considering the function 
to be periodic, but with infinite fundamental period the following 
relationship is formed: 
00 
R(T)  = $I ,  P(R) cos RT dR (1-A-10) 
(1 -A-1 1) 
where P(R)  is the power spectral density function (the power in 
a band of frequencies). 
The power spectral density function can be applied to the 
analysis of the dynamic response of a vehicle to a terrain of 
given characteristics. A range of spatial frequencies significant 
to evaluation of dynamic response of 0.01 to 1.5 cycles/meter is 
suggested by the plots given by Van Deusen (1966). Vaughan (1967) 
recommends a range of 0.05 to 0.5 cycles/meter as likely to 
influence vehicle mobility. If the vehicle cannot be considered 
a linear system as is likely, power spectral density analysis of 
terrain can still be used for dynamic response evaluation by employ- 
ing analog computer simulation in the following type of system. 
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I D a t a  I 
G. 
The responses of various portions of the vehicle (center  of grav i ty ,  
wheel s t ruc tu re  e t c . )  are recorded as functions of t i m e  on a device 
such a s  a s t r i p  char t  recorder. 
rough t e r r a i n  can be studied i n  t h i s  manner under any desired set 
of assumptions. For example, i n  the ELMO ana lys i s ,  energy 
consumption is considered t o  be the n e t  po ten t ia l  energy imported t o  
the  vehicle  by ra i s ing  p a r t ,  o r  a l l ,  of i t s  mass, with provision f o r  
t r ans fe r  of t h i s  energy from one ax le  t o  another. 
Energy consumption brought about by 
“A S t a t i s t i c a l  Technique f o r  the D y n a m i c  Analysis of Vehicles 
Traversing Rough Yielding and Non-Yielding Surfaces”,  by 
B. D. Van Deusen, Chrysler Corporation, Contract NASW-1287, May 1966 
E s t a t i s t i c a l  analysis  technique has been developed for  the  
c l a s s i f i c a t i o n  of v i rg in  terrestrial and e x t r a t e r r e s t r i a l  surfaces.  
I t  has been demonstrated from avai lable  data  t h a t  the power 
spec t r a l  densi ty  of p r o f i l e  height f o r  a t raverse  across  the lunar 
surface is equal t o  CQ-2 where C is  the surface roughness coef f i -  
c i e n t  and Q i s  s p a t i a l  frequency. The s ingle  parameter C 
completely spec i f i e s  the  surface roughness i n  a s t a t i s t i c a l  sense. 
Van Deusen considers t h a t  the exponent of 2 is appropriate as 
na tura l  surfaces  have not  been shown t o  favor a predominant frequency. 
A r t i f i c i a l  surfaces may have d i f f e r e n t  values, however. 
A dynamic non-linear yielding surface model was developed from 
exis t ing  information on s o i l  mechanics. The model includes the 
hys te res i s  due t o  i n i t i a l  s o i l  compaction and e f f e c t s  of vehicle  
speed and loading area.  
Analog computer techniques w e r e  used t o  simulate lumped para- 
meter models of t yp ica l  lunar vehicles.  An analog computer network, 
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capable of accurately predict ing the dynamic response of vehicles  
t ravers ing yielding and non-yielding surfaces w a s  developed and 
implemented. A technique w a s  included which allows a random 
surface p r o f i l e ,  Y o ,  t o  be introduced between the vehicle model 
and the yielding surface model and allows vehicle-surface separa- 
t ion .  The model used fo r  the analysis  is  shown i n  Fig. 1-A-1- 
Vehicle 
Motion 
YO 
Soil ! 
FIG. 1-A-1. Model f o r  Analysis of Dynamic Interact ion of Wheel 
and Yielding Soil  Surface ( a f t e r  Van Deusen, 1966) 
The following s o i l  p roper t ies  a re  needed for  use i n  t h i s  model: 
E = Young's modulus 
v = Poisson's r a t i o  
p = densi ty  
= coe f f i c i en t  of subgrade react ion 
coef f ic ien t  of viscous damping 
KS 
Cs = 
'm 
'm 
= sinkage a t  maximum bearing s t rength,  o r  
= maximum bearing s t rength  
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Comment: The approach is appealing theore t ica l ly ;  however, few 
f i e l d  da ta  are ava i lab le  t o  support the theore t ica l  predict ions 
a t  t h i s  t i m e .  
of  the needed s o i l  parameters, a t  least fo r  s o i l  t yp ica l  of t h a t  
a t  the Surveyor sites. A major exception would be the value of the 
viscous damping coef f ic ien t ,  although perhaps a rough estimate 
might be possible  using Surveyor landing dynamics data.  
Reasonable estimates can probably be made fo r  m o s t  
H. "Scale Model Testing of Land Vehicles i n  a Simulated Low Gravity 
Field",  by D. Schuring, SAF: Publication N o .  660148, January 1966 
The performance of lunar  vehicles is bes t  simulated here on 
ear th  by a f r ee ly  maneuvering model ( a s  opposed t o  a mathematical 
model o r  suspended vehic le ) .  This can be e i t h e r  an exactly s imilar  
model whose important elements, l i k e  masses, spr ings,  and dampers 
are scaled down t o  1/6 i n  s i z e ,  o r  an approximately s imi la r  model 
with springs,  masses, and dampers scaled down t o  any s i z e .  
An approximate s i m i l a r  model i s  f l ex ib l e  ( the  s i z e ,  spr ings,  
dampers, and masses can be adapted readi ly  fo r  almost any desired 
simulation. A major disadvantage r e s u l t s  from the high veloci ty  
requered; it must be higher than the veloci ty  of the o r ig ina l  
vehicle.  Therefore, high power and, i n  turn heavy,motors a re  
needed which l i m i t  the desirable  mass reduction. Another disad- 
vantage is r e s t r i c t i o n  t o  l i nea r  spr ings and dampers. 
These l imi ta t ions  can be avoided by using the 1/6-scale exact ly  
s imi la r  model. Meeting i ts  power requirements should be easy because 
ve loc i t i e s  must be equal. A l s o ,  the  springs and dampers can have 
any nonlinear cha rac t e r i s t i c s .  
I. "Lunar Wheel and Drive Experiment T e s t  Program", 2 Volumes, by 
AC Electronics-Defense Research Laboratories,  Contract NASB-20267, 
June 1967 
This r epor t  ou t l i nes  the a c t i v i t i e s  concerning the  study, 
analyses,  design, manufacture, and test of wheels and mechanical 
dr ive  systems f o r  lunar  vehicle appl icat ion performed fo r  the 
National Aeronautics and Space Administration by AC Electronics- 
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Defense Research Laboratories, General Motors Corporation. 
A s t a r t i n g  point  f o r  test planning w a s  the review of vehicle  
concepts se r ious ly  considered for  lunar  surface vehicle  applica- 
t i ons  which iden t i f i ed  wheel and wheel dr ive  designs under 
consideration. Although the survey included many wheel and d r ive  
concepts proposed previously,  emphasis w a s  on specif ied designs 
proposed by the  Bendix Corporation and the Boeing Company - G M  Team 
fo r  Lunar Mobile Laboratory (MOLAB) and Local S c i e n t i f i c  Survey 
Module (LSSM). The Metal-Elastic Wheel (Fig. 1-A-2) and Wire Frame 
Wheel (Fig. 1-A-3) concepts were selected a s  w e l l  a s  the Nutating 
and Harmonic Drive Mechanisms. 
The t e s t i n g  and analysis  program included the following: 
1. 
2. 
3 .  
4. 
5. 
6. 
7. 
8 .  
Exist ing wheel and drive concepts were updated t o  r e f l e c t  
state-of-the-art  technology. 
Designs w e r e  es tabl ished t o  r e f l e c t  common design 
c r i t e r i a .  
Design analyses w e r e  made. 
C r i t i c a l  components were t e s t ed  t o  determine: 
a. load-deflection and dynamic cha rac t e r i s t i c s  
b. drawbar-pull and wheel towing capabi l i ty .  
Designs w e r e  updated based on analyses and the r e s u l t s  of 
the tests. 
F ina l  tes t  a r t i c l e s  and test  equipment w e r e  fabr icated.  
A t e s t  program w a s  conducted on f i n a l  tes t  a r t i c l e s ,  
which included determination o f :  
a. load-deflection cha rac t e r i s t i c s  
b. drawbar-pull and wheel towing cha rac t e r i s t i c s  
Recommendations were given. 
Common design c r i t e r i a  were establ ished f o r  the candidate 
wheel and dr ive  concepts t o  allow a d i r e c t  comparative evaluation. 
The following LSSM mission requirements and r e s t r a i n t s  were used. 
1-A-12 
FIG. 1-A-2. Breadboard Metal-Elastic Wheel 
FIG. 1-A-3, Breadboard Hire Frame Wheel 
(AC Electronics-Defense Research Laboratories, 
1967) 
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To ta 1 travel = 200 km 
Travel time = 40 hrs 
Max. velocity = 16 km/hr 
Stand by duration = 6 months 
Terrain profile = ELMS 
Test results indicated that both the metal-elastic and wire 
frame wheel concepts are technically feasible and can be success- 
fully developed for a lunar surface vehicle application. 
also shown that the fatigue life of the wheels was adequate for 
smooth surface operation. Dynamic model testing, however, indicated 
that neither of the two wheel types could survive operation over a 
severe obstacle course for the full length of an LSSM mission. In 
the case of very soft and loose surface conditions (bearing 
strength < 1 psi) the metal-elastic wheel would have definite 
advantages due to low ground pressure. For harder conditions, how- 
ever, the superior stability and inherent damping characteristics 
of the wire frame wheel make it more desirable, according to GM. 
It was recommended that the final designs be fabricated and further 
testing be conducted. 
It was 
Based on test results and supporting analyses, it was concluded 
that although both drive mechanisms are technically feasible con- 
cepts, the development status of the harmonic drive is substantially 
ahead of that of the nutating drive. 
analyses have shown any advantage for the nutating drive design. 
Neither test results nor 
Comment: The data for rolling resistance as a function of wheel 
load showed considerable scatter, which was attributed to inaccuracy 
in measurement. 
The test results showed that in a soil with some cohesion the 
metal-elastic wheel performs better than the wire wheel. This was 
attributed to the longer length of failure plane in the case of the 
metal-elastic wheel. Other factors may also influence the results. 
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J. "Hypothetical Terrain P ro f i l e  Energy Calculations",  Special Study 
Report, BSR-2039, March 1967 
Detailed energy calculat ions are presented f o r  the  SP-LSSM 
vehicle  t ravers ing  a hypothetical  t e r r a i n  p ro f i l e .  TWQ speed 
conditions w e r e  used. One w a s  specif ied by MSFC, and the second 
was recommended for  m i n i m a l  energy consumption by the contractor .  
It  w a s  concluded t h a t  the energy a l loca ted  for  negot ia t ing obs tac les  
and small surface roughness i n  the SP-LSSM study is conservative i f  
the expected lunar t raverses  are no worse than the hypothetical  
p ro f i l e .  
An attempt was made t o  obtain the average vehicle speed which 
would give minimum energy consumption. For a l l  hypothetical  s o i l s  
used the s o i l  parameter kc was,  assumed equal t o  zero. 
Comment: The t e r r a i n  p r o f i l e s  assumed i n  t h i s  study were a r b i t r a r y  
i n  terms of obstacle  heights ,  breadths, and spacings. Power 
spec t ra l  densi ty  methods applied to  ac tua l  lunar t e r r a i n  would 
probably be be t t e r .  
analysis  of energy transmitted t o  the  so i l .  So i l  propert ies  s i m i l a r  
t o  those of the ELMS model w e r e  assumed, with the  exception t h a t  fo r  
0' slopes the s o i l  w a s  assumed incompressible. Thus the relevance 
of the r e s u l t s  t o  ac tua l  lunar conditions may be questioned. 
Bekker's s o i l  value system was used for  
K. "A Contour-Adapting Wheel Model", by Dieter Schuring and Max Howell,Jr., 
A. C. Electronics ,  General Motors Corporation 
A mathematical wheel model is  presented t h a t  adapts i t s  shape 
t o  any obstacle  shape o r  t e r r a i n  contour. 
r ad ia l  ground pressure t h a t  takes the shape of the obstacle  o r  
t e r r a i n  and the wheel's e l a s t i c  proper t ies  i n to  account is  the bas i s  
of the model. 
An empirical equation of 
Pressure-Radial Penetration Equation: 
(1-A-12) 
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p (8) = pressure d i s t r ibu t ion  
f = r ad ia l  penetration of the obstacle  in to  the circle 
of the undeformed wheel 
X p  & 1, = constants fo r  a pa r t i cu la r  wheel 
Load-Deflection Equation: 
(1-A-13) 
= r ad ia l  force Fr 
b = width 
r = distance between contact element and axle 
A = penetration area = b r fde  
IT 
Wheel Deformation-Pressure Equation: 
(1-A-14) 
- + an(pn cos 8 + p s i n  ne) n 
w ( 8 )  = wheel deformation 
a = constants representing the e l a s t i c  propert ies  of the  i wheel 
The remainder of the expression on the r i g h t  s ide  of the equation 
is  obtained by approximating the pressure,  p ( 8 ) ,  through a 
Fourier series. 
The approach w a s  t e s t ed  by comparing mathematical r e s u l t s  with 
experimental response of the Metal E la s t i c  Wheel being considered 
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for use on lunar vehicles,  The measured load-deflection w a s  
compared t o  the  ana ly t i ca l  curve f o r  two obstacles.  
showed good agreement between measured and ana ly t i ca l  values. 
The wheel deformation for the  Metal E l a s t i c  Wheel on a f l a t  sur- 
face w a s  computed by equation (1-A-14) above and compared t o  the 
measured deformation. Again the r e s u l t s  showed good agreement. 
The r e s u l t s  
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APPENDIX 1-B 
DETERMINATION OF VEHICLE MOBILITY INDEX FOR USE IN 
ARMY MOBILITY BRANCH (WES) NETHOD OF TRAFFICABILITY ANALYSIS 
Empirical relationships between the vehicle mobility index (MI), 
which reflects the vehicle characteristics, and the vehicle cone index 
(VCI) are of the form shown in Fig. 1-B-1. The MI of a vehicle is 
computed using the following empirical equations (Waterways Experiment 
Station, 1954) : 
Tracked Vehicles 
contact weight 
clearance engine factor 
MI = factor factor factor track grouser 
factor factor 
bogie - + ressure 
transmission 
factor 
X (1-B-1) 
where 
gross weight (lb) contact pressure = area of tracks in contact 
with ground (in2) 
weight factor: gross weight < 50,000 lb = 1.0 
50,000 - 69,999 lb = 1.2 
70,000 - 99,999 lb = 1.4 
> 100,000 lb = 1.8 
track width (in) 
100 track factor = 
grouser factor: grouser height < 1.5 in = 1.0 
> 2.5 in = 1.1 
gross weight (lb) /10 
total number of bogies on tracks bogie factor = 
in contact with the ground X area 
of one track shoe (in2) 
MI 
143-2 
One-Pass Criterion 
Criterion 
VCI 
FIG. 1-B-l . Form of (MI) vs (VCI) Relationship 
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MI = 0.6 
clearance (in) 
10 clearance factor = 
I , 
contact 
pressure 
factor wheel - clearance + tire grouser load factor 
weight 
factor 
,factor factor 
engine factor: engine output > 10 hp/ton = 1.0 
< 10 hp/ton = 1.05 
transmission factor: hydraulic = 1.0 
mechanical = 1.05 
Wheeled Vehicles 
J + 2o engine transmission factor factor (1-B-2) 
where 
gross weight (lb) 
tire width X rim diameter contact pressure factor = 
x number of tires 
weight factor: gross weight > 35,000 1b = 1.1 
15,000 - 35,000 lb = 1.0 
< 15,000 lb = 0.9 
tire factor 1.25 X tire,width (in) 
100 
grouser factor: with chains = 1.05 
without chains = 1.0 
ross weight (kips) wheel load = number of wheels 
clearance factor clearance (in) 
10 
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engine factor :  engine output > 10 hp/ton = 10 
< 10 hp/ton = 1-05 
transmission factor :  hydraulic = 1 - 0  
mechanical = 1.05 
Field tests have been used t o  determine the approximate re la t ion-  
sh ip  between a vehicle 's  maximum t r ac t ive  e f f o r t  or the maximum slope 
negotiable i n  a given s o i l  and the quantity (RCI - V C I ) .  Fig. 1-B-2 
shows the form of t h i s  re la t ionship  (Roth, 1960). 
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RCI -VCI  
FIG. 1-B-2. General Form of the Tractive Effort and Negotiable Slope vs 
Difference B a e e n  Rating Cone Index and Vehicle Cone 
Index Relationship 
C H A P T E R  2 
FRICTION AND ADHESION IN ULTRAHIGH VACUUM 
AS RELATED TO LUNAR SURFACE EXPLORATIONS 
J. Frisch and U. Chang 
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CHAPTER 2 
FRICTION AND ADHESION IN ULTRAHIGH VACUUM 
AS RJ3LATED TO LUNAR SURFACE EXPLORATIONS 
(J. Frisch and U. Chang) 
I. INTRODUCTION 
It is known that an ultrahigh vacuum environment produces signifi- 
cant effects on such mechanical phenomena in materials as friction, 
adhesion, tensile behavior, fatigue life, etc. Among them friction and 
adhesion, which are closely related to surface properties, are most 
significant because the vacuum environment gives cleaner surfaces than 
the atmospheric environment. 
oxides, moisture and other contaminants which prevent intimate contact 
of the two materials, thus acting as lubricants between the two con- 
tacting surfaces. A vacuum environment largely eliminates these effects. 
The surfaces in air are covered with 
Generally,coefficients of friction and adhesion increase consider- 
ably in vgicuum, which implies that more power might be required to 
operate vehicles on the moon's surface where the environment is estimated 
to be a vacuum of approximately 1 X Torr. Lunar vehicle design will 
require information both on rolling and sliding friction and on adhesion 
under such vacuum conditions. 
While some data are available on sliding friction and adhesion under 
extreme conditions of temperature and vacuum, little work has been done 
on rolling friction over simulated lunar materials in vacuum. As a 
consequence the following task was indicated as part of Contract 
NSR 05-003-189: "Review of friction and adhesion problems. Recommenda- 
tions for improved design of existing apparatus for determination of 
frictional and adhesion characteristics of different metallic and non- 
metallic materials under high vacuum and at high and low temperatures." 
Since significant purpose for such experiments may be the determina- 
tion of power requirements for vehicles on the moon, recommendations have 
been formulated for experiments to determine rolling friction between 
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model wheels and simulated lunar  rocks as a simulation of vehicle 
movement on the  moon. Subsequent experiments could include the deter-  
mination of r o l l i n g  f r i c t i o n  between model wheels and simulated so i l  
samples. A review of s tud ies  on f r i c t i o n  and adhesion is given f i r s t  
which includes da ta  useful f o r  the design of future  experiments. 
This review is followed by a br ief  report of four preliminary tests 
on adhesion i n  vacuum with copper and aluminum on obsidian. These tests 
w e r e  performed i n  order to determine the test capabi l i ty  of an ex i s t ing  
force dynamometer and t o  determine the magnitude of adhesion, outgassing 
of rocks, pol ishing techniques f o r  the specimens, and the time required 
t o  pumpdown t o  pressures a t  10-I' t o  lo-'' Torr with these materials.  
Included is a design for ro l l i ng  f r i c t i o n  t e s t s  u t i l i z i n g  the 
equipment already avai lable .  
urat ion without dis turbing the vacuum to  assure the s a m e  environmental 
conditions. A l s o  included are provisions f o r  i n i t i a t i n g  ion bombardment 
of  rock specimen t o  simulate so l a r  wind conditions. 
The design emphasizes a mult i - tes t  config- 
11. REVIEW OF STUDIES AND EXPERIMENTS RELATED TO MOBILI'I'Y I N  ULTRAHIGH 
VACUtXd 
A. Lunar Environment (After Fields  e t  a l . ,  1967) 
Per t inent  aspects of the lunar environment as they may influence 
f r i c t i o n  and adhesion cha rac t e r i s t i c s  of materials are summarized b r i e f l y  
below. 
1. surface environment 
a. Vacuum. Estimated lunar surface pressure ranges from 
1 .3  X lo-'' N/m' to  below 1 . 3  X 10-l' N/m2 (1 X 10-l' 
'L 1 X T o r r  1 .  Some of the probable atmospheric 
const i tuents  include w a t e r ,  carbon dioxide and hydrogen. 
b. Thermal conditions. The maximum and minimum tempera- 
tu re  on the lunar  surface are approximately 400" X and 
70" K which are the temperatures of the lunar day and 
night respectively.  
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c,  Solar wind and cosmic debris ,  The atmospheric 
condition allows a particles and protons of the 
so la r  wind t o  s t r i k e  the lunar surface.  A l s o  a 
strong erosional process on the lunar  surface pro- 
bably occurs due to the impact of micro-meteoroids. 
Thus surface cleaning by sput ter ing and g r i t  b las t ing  
or erosion may occur both fo r  lunar materials and f o r  
spacecraft  components. 
d. Lunar gravi ty .  The accelerat ion of  grav i ta t ion  on 
the moon is  1.62 to  1.63 m / s e c 2  o r  approximately 1/6 
t h a t  on ear th .  
2.  Surface propert ies .  Extensive information on lunar surface 
propert ies  i s  given i n  Volume 1, Chapter 2 of t h i s  report .  
B. F r ic t ion  i n  Ultrahigh Vacuum 
Although f r i c t i o n a l  behavior between metal specimens i n  vacuum 
environment has been studied i n  d e t a i l  (Frisch, 1965, 1966, 19671, not 
much information on f r i c t i o n  between metals and non-metals is  avai lable .  
Few theore t ica l  explanations of f r i c t i o n  between m e t a l s  and non-metals 
have been attempted, but m o s t  invest igators  believe t h a t  the mechanism 
which describes metal f r i c t i o n  and the adhesion mechanism, may a l so  apply 
t o  metal/non-metal f r i c t ion .  To understand the basic  mechanism of f r i c t i o n  
between m e t a l s  and non-metals, more invest igat ions are required. 
1. Types of surface bonds. The exact  nature of so l id  s i l icate  
adhesion i n  vacuum is  not completely known, however possible types of 
bonding might include primary bonding (ionic-covalent) of the la t t i ce  
s t ruc ture ,  metallic bonding, molecular bond (Van der Waals bond), and 
electrostatic a t t r a c t i o n  due t o  e l e c t r o s t a t i c  surface charges. Fig. 2-1 
shows the r e l a t i v e  importance of d i f f e ren t  bond types i n  several  materials. 
Character is t ics  of  the d i f f e ren t  bond types are summarized i n  Table 2-1. 
2. Surface propert ies .  Before deciding which type of bond i s  
most e f f ec t ive  fo r  si l icate-metal  adhesion, it is  necessary to  know 
de ta i l s  of the  cha rac t e r i s t i c s  of both surfaces.  A f reshly produced 
si l icate surface a s  shown i n  Fig. 2-2 should adjust  t o  a s t ab le  s ta te  by 
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I 
(NaCI,  LIF) 
METALLIC BOND 
(N a) 
FIG. 2-1. Various Types o f  Bonding  
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POSSIBLE BONDS (39, 50, 51) 
TJipe 
o f  Bond Source 
S i l i c a t e  
Examples 
Effect ive Magnitude D i rec t i ona l i t y  Radius 
Elect rostat ic  Most s i 1  icates 
a t t rac t i on  o f  v ~ ~ Y ~ ~ [ ~ n g  Non- Very show p a r t l y  
pos i t i ve  and Kcal,mole d i rect ional  1 ong covalent p a r t l y  I on i c  R 
I negative ions i on i c  
But s i  1 icon M 
A forms bonds tha t  
are p a r t l y  R Share t h e i r  
covalent, p a r t l y  Y Covalent outer Very strong Direct ional  Short 
.. metal 1 IC. electrons ts 
0 
N Share a l l  
D Me ta l l i c  the valence Strong 
A S  electrons T 
Non- 
d i rect ional  Long 
? E 3  D i  stI1 acement 
Very weak 
hydrogen bond) 
o f  charge 
wi th in  e l e c t r i -  
!? D Waals) atoms or 
Short l/lo of Non- N (Van der c a l l y  neutral  d i rect ional  
molecules 
Dipole 
Kaol in i te Very 1 ong 
B a t t rac t i on  Weak 
0 Hydrogen wi th  hydrogen 10 o r  20 Kcal/ Direct ional  
N atom as Kca 1 /mo 1 e 
D pos i t i ve  end 
0 Electro- 
T s t a t i c  
H E l  ec t r o -  a t t rac t i on  Depends on 
E s t a t i c  o f  the the amount 
R charges charges pro- o f  charges 
0 
E N  
Rubbed 
powders 
Non- E x t ~ ~ l y  s i l i c a t e  d i  pec t i onal 1 ong 
duced on the 
surface 
n 
y s  Depends on 
' R  
A A e f f e c t  
L c  surface i s  
B E p re t t y  smooth 
0 
N 
D By the 
S Absorbed act ion o f  
the surface 
Phys i ca 1 con f i gura ti on 
wedge but not very d i rect ional  locking feasible i f  
Short F Wedge 
Short 61 ay Non- di rect ional  surface surface f i l m  Weak f i l m  (water, vapor, 
etc.) 
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0 
+ H,O (AMBIENT GASES) 
H H 
d 0' 
I 1 
0 0 0 
/'y\ SILANOL 
EAT +%O 1 
/*\ SILOXANE 
~i,Oi, (not charged) 
0 
FIG. 2-2. Typical Silicate Surfaces 
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adsorbing ambient gas molecules, The f resh ly  exposed s i l i c o n  ions 
w i l l  s a t i s f y  t h e i r  charge and coordination demands by first at taching 
the ambient gases l i k e  water vapor t o  form s i lanol .  The desorbed 
surface i s  siloxane of hydroxyle group ( B r o m w e l l ,  1965) which is  s tab le .  
If the  new surface i s  formed i n  absolute vacuum some surface d i s to r t ion  
caused by the  necessity f o r  cat ion screening could occur. 
The exact nature of the surface state of  lunar s o i l  is 
not known ye t ,  but  reasonable bounds are expected as more information 
becomes available.  The lower bound would be a surface whose charge and 
coordinate demands are s a t i s f i e d  by having some degree of  adsorbed material 
present.  
during the formation of lunar  rocks. The upper bound would be one whose 
charge and coordinate demands are not s a t i s f i ed .  The l o w e r  bound appears 
more reasonable f o r  the so i l  on lunar surface.  The l o w e r  bound can be 
represented by air-formed surfaces while the  upper bound by vacuum-formed 
surfaces.  Considering the  erosive e f f e c t  of solar wind and cosmic debris 
on the  lunar surface,  the bes t  simulation might be a surface s l i g h t l y  
etched and then bombarded by ion pa r t i c l e s .  Such an erosion process gives 
the appeayance of a f ine ly  etched surface.  
The adsorbed materials could be the  kinds of gases present 
3 .  Theory of f r i c t i o n .  The coef f ic ien t  of s t a t i c  f r i c t i o n  i s  
defined by: 
= - -  
I - t an  $s 
PS N 
where 
T = tangent ia l  force t o  i n i t i a t e  s l i d ing  
N = normal load 
(2-1) 
The coef f ic ien t  of k ine t i c  f r i c t i o n ,  1.1 is the  r a t i o  of the tangent ia l  
force,  required t o  continue s l id ing ,  t o  normal load. 
smaller than us, because the bonding between two s l id ing  surfaces i s  il 
function of t i m e .  
k 
pk i s  usually 
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Modern theory (Bowden and Tabor, 1954) explains the 
basic  f r i c t i o n  mechanism as bonding of contacting a s p e r i t i e s ,  The real 
area of contact ,  A t o  support the normal load N can be expressed: r f  
N Ar - - 
9, 
(2-2) 
where 
9~ is  y ie ld  pressure o r  e s sen t i a l ly  the  bearing capacity of  the  
metal. The r e l a t i o n  q = 3 CJ has been suggested f o r  mostmetals ,  where 
U t 
0 is  the y i e ld  stress. Then: 
t 
where 
T i s  the  shear s t rength  of the material. m 
However, ac tua l  systems do not  exhibi t  t h i s  simple re la t ionship .  There- 
fore ,  Bowden and Tabor's theory of dry f r i c t i o n  analyzes the deformation 
of typ ica l  a spe r i ty  junctions as s l id ing  ensues. For an ideal ized model 
of a spe r i ty  junction, the Von Mises yield condition i n  the two 
dimensional case can be represented as: 
2 p2 + 3s2 = 0 
t 
where 
p = compressive stress 
S = shear stress 
= t e n s i l e  y ie ld  stress 
O t  
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For a three dimensional case the  re la t ion  is: 
p2 i Bs2 = - 0  $ 2  
3 t  
where 
(3 is  a constant  shape fac tor  
Bowden and T a b o r  (1954) suggest a value of 6 = 9 based on experimental 
evidence. During the  i n i t i a l  s tage 0 p f o r  the t w o  dimensional case 
when S N 0. The plast ic  flow of the a spe r i t i e s ,  with combined tangent ia l  
and normal load, causes an increase i n  contact area of  the a s p e r i t i e s  and 
also brings o ther  a spe r i t i e s  i n t o  contact.* This "junction growth" w i l l  
continue u n t i l  the  increased contact area is la rge  enough t o  support the 
combined tangent ia l  and normal load. A s  the  tangent ia l  load increases ,  
f a i l u r e  may occur a t  the a spe r i ty  interface.  The i n t e r f a c i a l  shear 
s t rength,  Si, can be re la ted  t o  the shear s t rength of the asper i ty  
material, T by a constant K 2 1  such t h a t  S = KT . Therefore, the 
y ie ld  Condition f o r  the three  dimensional case can be wri t ten as: 
t 
Y f  i Y 
1 - -  - si 
3(K* - 1)1'2 (2 -7 )  
* N o t e :  I t  would be a worthwhile experiment to  perform metal - non-metal 
adhesion tests t o  determine t h i s  condition. With a constant normal 
load, t w o  types of  adhesion tests could be performed. After applying a 
tangent ia l  force below the  f r i c t i o n  force f o r  a given in t e rva l ,  the  
adhesion force would be measured. 
with the one obtained when a p r io r  tangent ia l  force is not  applied. For 
the  asper i ty  theory t o  be applicable the former value should be the 
la rger  one. 
This value could then be compared 
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The coef f ic ien t  of k ine t ic  f r i c t i o n  w i l l  be: 
The factor  K depends on t h e  cleanliness of the surface. For a per fec t ly  
clean surface K = 1 which makes v -f a. The e f f e c t  of K on p i s  shown 
i n  Fig. 2-3. 
k k 
4. Coefficient of f r i c t ion .  From the preceding discussion 
p should be an apparent function of the degree of surface contamination, 
which i s  represented by the fac tor  K. N o  veloci ty  t e r m  is included i n  
the expression of v but the "junction growth" can be thought of a s  a 
function of t i m e  (Bowden and Tabor, 1954) and Si or  T 
sensi t ive.  The real contact area is  assumed as decreasing with increas- 
ing r e l a t ive  veloci ty  of the two specimens and accordingly, p as well  a s  
S .  a l so  increases.  These two e f f ec t s  a r e  of a compensating nature.  A t  
very high speed the temperature of the in t e r f ace  increases.  I f  the y ie ld  
pressure p of the cold subs t ra te  remains constant while the i n t e r f a c i a l  
shear s t r e s s  S drops, lower values of 1-1 = - a r e  obtained than a t  lower 
velocity.  However, 1-I is not  sens i t ive  t o  the temperature increase of the 
bulk material. Generally, the coef f ic ien t  of f r i c t i o n  i s  constant a t  a l l  
ve loc i t i e s ,  but  may show a s l i g h t  decrease with increased ve loc i t i e s .  
is s t r a i n  rate 
Y 
1 
si 
i P 
Over a wide range of values the e f f e c t  of normal load on 
1-1 is  known t o  be negl ig ib le ,  however p can be increased with larger  normal 
loads a s  a r e s u l t  of work hardening. 
expected t h a t  1-I decreases with increases of the  normal load N .  The stress 
f i e l d  formed by dis locat ion pile-ups from normal deformation may not  
ser iously a f f e c t  the dis locat ion movements i n  the shear plane for  tan- 
gen t i a l  forces ,  because the s l i p  plane of the normal deformations may be 
d i f f e ren t  from t h a t  of the tangent ia l  deformations. 
From Equation 2-8, it might be 
k 
The combined s t r e s ses  of the normal and tangent ia l  forces  
may cause f a i l u r e  t o  occur on a plane other  than the in te r face  of the 
a spe r i t i e s .  Experimental invest igat ions by Cocks (1966) have shown t h a t  
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the  p l a s t i c  deformations a t  asper i ty  junctions can form “wedges” as 
shown i n  Fig. 2-4 and f a i l u r e  may occur a t  the root of the junction, 
For a quant i ta t ive  explanation of the mechanism of f r i c t i o n  
i n  materials whose a spe r i t i e s  y ie ld  e l a s t i c a l l y  ra ther  than p l a s t i c a l l y ,  
a knowledge of the r e a l  contact area A is  required. For a per fec t ly  
e l a s t i c  material  the diameter, d ,  OE the contact area A between a plane 
and spherical  t i p  according t o  Hertz is: 
r 
r 
1 / 3  d = (6NR) 
where 
N = normal load 
R = radius of the t i p  
6 = a coef f ic ien t  dependent on the geometry and e l a s t i c  proper- 
t i e s  of the material 
The contact a rea  is thus proportional t o  N2’3, which leads 
t o  the resu l t :  
(2-10) 
This i s  the case when the number of asper i ty  junctions remains constant 
and increase t h e i r  area r e l a t i v e  t o  the normal load. But the actual  case 
may be tha t  both the number of a spe r i t i e s  and the con.tact area of each 
asper i ty  w i l l  increase with increases i n  normal load. It ,  therefore ,  is  
reasonable t o  expect t h a t  A may vary a s  N , where n is  between 2 /3  and 
1, (Bromwell, 1966). 
n 
r 
Surface contamination is the most c r i t i c a l  factor  af Eecting 
the value of p. Adsorbed layers  (Fig. 2-5) prevent pure mctal-to-mc.ta1 
contact,  decreasing the value of T A , which leads t o  a reduced value of 
Y r  
y. A s  shown before,  a contamination-free surface would r e s u l t  theore t ica l ly  
i n  y -f 03.  
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V I  
STAT I 0 NARY S U R FA C E 
(a) INITIAL DEFORMATION 
+---MOVING SURFACE 
STAT1 0 NARY SU R FACE 
( b )  FULLY DEVELOPED WEDGE 
FIG. 2-4. Typ ica l  lvlechanism o f  Wedge Formation 
Between Contact ing Surfaces 
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Some s tudies  (Penn, 1965, 1966) on the  f r i c t i o n  between 
metals and non-metals suggest t h a t  subsurface melting could occur a t  
the  a spe r i t i e s .  
the  melted zone. Higher temperature a t  t he  a s p e r i t i e s  i s  thus expected 
t o  decrease 1-1 s ince  it helps  i n  forming a molten zone. 
I t  a l so  a t t r i b u t e s  the decrease of pk a t  high speeds t o  
k 
Most non-metallic so l id  (namely "rocks") tends t o  have 
extremely s t rong covalent bonds, o r  combinations of covalent and ion ic  
bonds between t h e i r  molecules. Therefore, rocks cannot be expected t o  
readi ly  form a molten layer  between t h e  a spe r i t i e s .  Even m e t a l s ,  t h e  
bonds of which are comparatively weak, do not form a molten layer  during 
s l id ing .  I f  t he  two s l i d i n g  objec ts  do form a molten layer ,  the  co- 
e f f i c i e n t  of f r i c t i o n  should be a function of temperature. 
experiment dea l s  with the  f r i c t i o n  of metals on rocks, such a molten 
zone might be formed on the  meta l l ic  side because of the  weaker bond 
weaker interatomic bonds i n  metals i n  most rocks. I f  t h i s  i s  the case,  
a very t h i n  f i lm  of metal should smoothly cover the  rock a s p e r i t i e s .  
However the material t r ans fe r  observed i n  our experiments (see sec t ion  
does not show a film-like l aye r  but ra ther  imbedded p a r t i c l e s  on the  
non-metallic surface. This tends t o  ind ica te  the  i r r egu la r  y ie ld  of 
l o c a l  asper i ty  junctions of t h e  metal l ic  p a r t .  
I f  the  
The most f eas ib l e  explanation of the  formation of a spe r i ty  
junct ions may be "cold welding". I f  two molecules, which can f x m  a bond 
between one another, are brought together within the e f f ec t ive  radius  of 
a t t r a c t i o n ,  a strong bond can be formed. Usually the e f f ec t ive  rad ius  i n  
covalent bonding is  shor te r  than t h a t  of metallic bonding. Also, co- 
va len t  bonds are highly d i r ec t iona l  while meta l l ic  bonds a r e  not.  
may be the reason why most non-metals show a lower value of 1-1 than 
m e t a l s .  
This 
k 
5. F r i c t ion  between metals and non-metals. The mechanism of 
f r i c t i o n  discussed i n  the preceding Section appl ies  primarily t o  d u c t i l e  
metals which exh ib i t  wide ranges of p l a s t i c  deformation. Most non-metals 
show b r i t t l e  f r ac tu re  a t  s m a l l  s t r a i n s  r a the r  than p l a s t i c  deformation, 
which introduces some doubt about the app l i cab i l i t y  of the "cold welding 
theory" t o  non-metallic f r i c t i o n .  
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Bromwell (1966) has suggested t h a t  f r i c t i o n a l  res i s tance  
of b r i t t l e  materials, as f o r  d u c t i l e  metals, is due t o  cohesive forces  
ac t ing  a t  the contact points ,  and concluded t h a t  b r i t t l e  mater ia ls  would 
not  exhib i t  "cold welding" - 
The study done by S.H. Penn (1964) shows t h a t  f r i c t i o n  
between in te rac t ing  so l ids  is  primarily an adhesion phenomenon: The co- 
e f f i c i e n t s  of  f r i c t i o n  fo r  metals s l id ing  on non-metals w e r e  g rea te r  i n  
a vacuum than a t  atmospheric pressure. The temperature and vacuum 
dependency of 1-I may be of a i d  i n  finding out  whether the mechanism of 
f r i c t i o n  i s  mainly adhesion. B r o m w e l l ' s  conclusion w a s  t h a t  nei ther  the 
vacuum environment nor temperature alone increases 1-1 of quartz blocks. 
1-I 
and high temperature (350' C.) The temperature dependence of 1.1 w a s  
somewhat inconsis tent ,  ranging from an increase of 30% to  a decrease of 
25%. The average values of p decreased a t  high temperature. The 
temperature used i n  the experiment was not  reported. On the other hand, 
Ryan (1967b), i n  h i s  study of  adhesion, concluded t h a t  adhesion increases  
considerably i n  a vacuum environment. 
of adhesion on temperature i n  h i s  experiment with orthoclase.  The basic  
mechanisms of f r i c t i o n  between metals and non-metals w i l l  require  fur ther  
k 
of quartz c r y s t a l s  increases under high vacuum (higher than 10- Torr.)  k 
k 
H e  could not f ind any dependence 
s tud ie s  t o  obtain sa t i s fac tory  explanations f o r  the phenomenon. For the 
f r i c t i o n  of p a r t i c l e s  and an aluminum disk s l i d e r  it has been reported 
(Penn, 1965) t h a t  1-I w a s  inversely proportional to  the average p a r t i c l e  
s i ze ,  but  the e f f e c t  of normal load on 1-I was s l i g h t .  The coe f f i c i en t  of 
f r i c t i o n  of aluminum on quartz particles varied from 0.15 i n  atmosphere 
t o  - 3 0  i n  ul t rahigh vacuum. Between s t a i n l e s s  s t e e l  and quartz p a r t i c l e s  
1-I w a s  0.14 i n  ul t rahigh vacuum. The adhesion study by Ryan (1967b) a l s o  
showed t h a t  s t a i n l e s s  steel d id  not  adhere t o  orthoclase i n  ul t rahigh 
vacuum. Fr ic t ion  experiments with quartz blocks ( B r o m w e l l ,  1966) 
demonstrated t h a t  f o r  a smooth surface the coef f ic ien t  of f r i c t i o n  var ies  
g rea t ly  according t o  the surface cleaning process, however fo r  a rough 
surface it is  almost constant. Generally 1-I f o r  quartz blocks varied 
between 0.1 and 1.0 depending surface cleanl iness .  
k 
k 
k 
k 
In summary, the coef f ic ien t  of f r i c t ion ,  var ies  with normal 
load, temperature, vacuum, r e l a t i v e  veloci ty  between specimens, surface 
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condition, specimen configuration, surface preparation, crystal lographic  
or ien ta t ion ,  e t c .  In  order fo r  a cer ta in  value of 1-1 t o  be meaningful, 
a l l  these var iables  must be specified.  Although the avai lable  da ta  are 
not a l l  en t i r e ly  consis tent ,  it does appear t h a t  hard vacuum surfaces 
are cleaner and the resu l t ing  f r i c t i o n a l  res i s tance  i n  increased over t h a t  
under atmospheric conditions. 
k 
C. Adhesion i n  Ultrahigh Vacuum 
1. Review. Adhesion phenomena are closely r e l a t ed  t o  f r i c t i o n  
problems while f r i c t i o n  is measured by s l i d i n g  of the junctions (shear 
displacement) whereas adhesion is  measured by complete rupture of the 
junctions,  i n  tension the res i s tance  in  each case i s  dependent on the 
i n t r i n s i c  s t rength  propert ies  of the material and adsorbed fi lms. 
The coef f ic ien t  of adhesion, f ,  i s  defined as the r a t io  of 
normal t e n s i l e  force N' required for  separation of t w o  surfaces t o  the 
normal i n i t i a l l y  applied compressive force N .  
N' 
f = -  
N 
(2-11) 
Stronger adhesion can be obtained by increasing the real  area of contact ,  
by removing the  surface contaminants, and by reducing the (residual)  
e las t ic  stresses. For an elastic material ,  the e las t ic  recovery breaks 
m o s t  of the junctions when the applied force i s  removed. 
Materials with a pronounced creep r a t e  show a stronger 
adhesion as a r e s u l t  of compressive stresses according t o  the length o f  
t i m e  the  surfaces are kept i n  contact because creep increases the real 
area of contact and decreases tlie stored elastic energy. I t  is well known 
t h a t  surface contaminants, l i k e  oxide fi lms, greatly weaken adhesion. 
Experiments show t h a t  metals gain appreciable adhesion a t  
elevated temperatures (Rabinowicz, 1965) , a t  which the d u c t i l i t y  is 
increased by a tangent ia l  stress superposed on the normal stress. T h i s  
combined shear and normal force increases the real area of contact as a 
r e s u l t  of "junction growth". 
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Rabinowicz (1965) pointed out  t h a t  adhesion i s  higher 
for materials w i t h  high surface energy, Semenoff (1958) has suggested 
t h a t  with clean metals another fac tor  a f fec t ing  adhesion i s  the mutual 
crystal lographic  or ien ta t ion  of the contacting surfaces.  For d iss imi la r  
metals, the i n t e r f a c i a l  forces  w i l l  probably be an average of the in t e r -  
atomic forces of each of the  t w o  members, so t h a t  the f a i l u r e  of the 
junction occurs within the weaker metals. 
The adhesion i n  ultrahigh vacuum may be similar i n  
mechanism except tha t  the surfaces tend to  be clean, so t h a t  w e  can 
expect much s t ronger  adhesion than i n  a i r .  
N o  mathematical theory of adhesion has been establ ished 
successfully,  especial ly  f o r  adhesion between non-metals and between 
metals and non-metals. 
Ryan's study (196733) on s i l icate  adhesion cons t i tu tes  a 
s ign i f i can t  s t a r t  on nonmetallic adhesion study i n  ul t rahigh vacuum. 
From Ryan's study (1967b) previous invest igat ions on sol id-sol id  s i l i ca te  
adhesion a re  here b r i e f ly  reproduced and summarized. 
NAME 
SPECIMEN ADHESION 
PFaSSURE FORCE YEAR MATERIAL REMARK 
(1) Tomlinson 
(2)  Harper 
(3) Salisbury 
(4)  S te in  and 
Johnson 
(5) Halajian 
1930 G l a s s  + Quartz A i r  1 9 r  N o  load 
1955 Quartz Spheres A i r  0.15 g r  
h i s to ry  given 
I 1  I1 I I  
1963 S i l i c a t e  Powders 10-"Torr 2 - 3 X 107gr Essent ia l ly  
(55.1 i n  dia . )  no p r i o r  load 
I? I1  1964 S i l i c a t e  Powders 10- 10-l' 30 g r  11 
(1401.1 i n  dia.) T o r r  
1964 Sil . icate Powder 10-loTorr 0.3 g r  
(% 405.1 i n  dia . )  
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S i l i c a t e s  
( 6 )  Smith and Gussenhoven concluded t h a t  the adhesion between quartz  w a s  
due t o  dispers ion forces ,  
' orthoclase (KARSi308) 
hypersthene ( (MgFe) Z S i  3 0 8  1 
hornblende 
bytownite obsidian 
(7)  Johnson and Greiner (1965) concluded t h a t  both dispers ion forces and 
surface e l e c t r o s t a t i c  charging were responsible f o r  the observed 
adhesion e 
(8) Blum e t  a l .  (1967) ground b a s a l t  i n  a vacuum of lo-' 2, 10- Torr and 
found adhesion between the powder p a r t i c l e s ,  unground rock and metals. 
This may be due t o  e l e c t r o s t a t i c  charge on the surface.  
Engineering 
Materials 
Surveyor data  shows t h a t  the lunar surface material  i s  
similar i n  composition t o  t e r r e s t r i a l  basa l t .  Ryan (1967) measured the  
adhesion between some s i l i c a t e s  and engineering mater ia ls  which could be 
used on lunar missions. The specimen mater ia ls  which he used were: 
T i  a l loy  (6A1 e 4x7) 
Pure Mg. 
Pure Be .  
Pure A l .  
Ceramic (Alumina) 
~ Sta in less  S tee l  
A l l  these samples w e r e  prepared i n  a i r  and went through a 
baking-out process a t  100°C t o  2 O O O C  f o r  two t o  three days i n  the vacuum 
chamber. The adhesion force between s i l icate  c rys t a l s  (orthoclase (001) / 
orthoclase) w a 3  a s  high a s  0.4 grams with a 400 gm normal load, i n  
vacuum of 2 X lo-'' t o  4 X 10-l' Torr. The adhesion force between 
s i l i c a t e s  and metals appeared t o  be almost 0.4 gram with approximately 
700 grams of normal load a t  pressures i n  the  lo-' Torr. range. 
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The various combinations of specimens can be categorized 
i n t o  t w o  types; Type A shows s t rong adhesion and mater ia l  t r ans fe r  fram 
one specimen t o  the other  and a sharp decrease i n  adhesion force a t  
higher pressures.  
the adhesion forces  were i n  the  1 t o  2 mg range with a normal load of 
1 kg. The la t te r  type d id  not  show material  t r ans fe r  between surfaces.  
Temperature var ia t ions  of l O O O K  t o  4 0 0 ° K  d id  not a f f e c t  the adhesion 
cha rac t e r i s t i c s  between s i l i c a t e s .  Also of i n t e r e s t  is  the f a c t  t h a t  no 
adhesion was detectable  between s t a in l e s s  steel  and or thoclase.  
Type B maintain adhesion even a t  higher pressures but  
The tests with c rys t a l s  cleaved i n  vacuum showed adhesion 
forces  up t o  8 grams which l a s t ed  for  a considerable length of time. 
This high adhesion appeared t o  be due t o  the  act ion of the normal atomic 
s i l i c a t e  bonding forces  ( l a t t i c e  bonding) . 
By deposit ing s i l i c a t e  p a r t i c l e s  on aluminum, Salisbury 
e t  a l .  
t h a t  forces a c t  only a t  p a r t i c l e  points of contact.  However assuming 
t h a t  the forces a c t  a t  a dis tance,  he obtained 750 dyne/cm2. He a l s o  
concluded t h a t  Van der Waal’s forces and ion ic  and covalent bonds w e r e  
probably responsible fo r  high vacuum adhesion. 
(1963) calculated adhesion of 3 X lo8 dyne/cm2 with the assumption 
Adhesion forces  of these magnitudes would not appear 
s ign i f i can t  r e l a t i v e  t o  the magnitudes of loading t o  be applied t o  the  
lunar surface,  nor would they be of pa r t i cu la r  consequence per se a s  
regards the t h r u s t  o r  motion res i s tance  associated with lunar roving 
vehicles.  This does not mean, however, t h a t  adhesion may be neglected i n  
consideration of lunar operations.  On the contrary,  s ince the evidence 
is strong t h a t  small, but measurable adhesion forces do e x i s t  between 
unlike materials i n  high vacuum, there may be important consequences i n  
terms of the surface contamination by s m a l l  p a r t i c l e  adhesion of 
instruments, windows, and mechanical systems. Further study of the 
importance of adhesion phenomena would appear warranted u t i l i z i n g  both 
t e r r e s t r i a l  high vacuum simulations and observations during Apollo missions. 
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111, PRELIMINARY ADHESION EXPERINENTS 
A. T e s t  Purpose 
To explore the capabi l i ty  of the ex is t ing  vacuum system i n  the 
Mechanical Engineering Laboratory of the University of Cal i fornia  a t  
Berkeley and obtain some information fo r  designing and modifying a new 
system for  r o l l i n g  f r i c t i o n  tests, 4 adhesion tests were performed. The 
f i r s t  3 tests w e r e  done with an OFHC* copper r ing  on obsidian blocks and 
the fourth tes t  w a s  done using aluminum and obsidian. 
B. T e s t  Procedures and Results 
1. T e s t  No. 1; Cu on large obsidian specimen. An OFHC r i n g  
specimen as shown i n  Fig. 2-6 w a s  cut  from a 1-inch thick p l a t e  machined 
to f in i sh  dimensions of 3/4" R X 1/8" width and 3/8" radius  across the 
edge. Mechanical polishing of the  surface w a s  done with 600 g r i t  emery 
paper followed by crocus c lo th  and jeweler's rouge. The specimen w a s  
degreased using an ul t rasonic  cleaner.  Immediately before t e s t ing  the  
specimen w a s  chemically polished with acid (55% phosphoric ac id ,  25% 
n i t r i c  ac id) .  This l a s t  pol ish w a s  done t o  remove the so-called bei lby 
layer  which forms during previous polishing procedures. 
Two obsidian specimens were c u t  with a diamond saw and 
polished with Norton Crystal l ine Grain 400 on lapping machine t o  
dimensions, 0.43" X 0-28" X 0.3", and a weight of 1.475 grams. They 
w e r e  f inished with (Centriforce Abrasive M 303) aluminum oxide powder. 
They w e r e  washed with acetone, etched with hydro-fluoric acid for  30 
sec. ,  r insed with d i s t i l l e d  water and kept under acetone. 
a. T e s t  procedure. The upper r ing  specimen w a s  mounted 
on an aluminum holder and the l o w e r  obsidian block specimen w a s  l a i d  
f r ee ly  on a s t a i n l e s s  steel plate which w a s  covered with a th in  f i lm of 
molybdenum d i su l f ide  to  prevent possible adhesion between the  s t a in l e s s  
steel p l a t e  and the obsidian specimen. The test  configuration is shown 
i n  Fig. 2-7. 
The force dynamometer s t r a i n  gage bridge w a s  con- 
nected t o  a carrier amplifier (Tektronix Type 3066) and the applied 
"OFHC Copper: oxygen f ree  high conductivity copper. 
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FIG. 2-6. Disk Specimen 
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XTt . _ _ .  2-7. M h e s i o n  Test Apyaratus 
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normal forces w e r e  read on a Dual beam oscil loscope, The test  procedure 
involved r a i s ing  the  lower obsidian specimen s lowly  t o  make contact with 
the d isk  u n t i l  a specif ied normal force w a s  recorded by the dynamometer. 
The anv i l  w a s  then slowly lowered t o  determine whether the obsidian 
specimen adhered t o  the metal disk specimen. 
measured, but the tests w e r e  used t o  determine whether adhesion was 
g rea t  enough t o  support the weight of the lower specimen. 
Adhesion forces  w e r e  no t  
b. Pumpdown procedure. After the specimens w e r e  mounted 
i n  the chamber shown i n  Fig. 2-8, a mechanical roughing pump was used fo r  
pumpdown t o  20 microns. 
a t  a pressure of 10 microns. 
A 75 l i t e r / s e c  ion pump i s  then used beginning 
A s  soon as the pressure was reduced below 10 microns 
the bake-out procedure w a s  s t a r t e d  a s  shown i n  Fig. 2-9. The chamber 
wall  temperature w a s  kept a t  500" F for 1 2  hours. Cooling of t h e  chamber 
t o  room temperature took about 8 hours. The pressure a f t e r  cooling w a s  
usually i n  the lower p a r t  of the lo7 Torr range, as measured with an 
ionizat ion gage. A titanium sublimation pump brought the pressure i n t o  
the 2 t o  5 X lo-' Torr range. Liquid nitrogen cooling of the copper 
shroud for  the  sublimation pump fur ther  reduced the pressure in to  the  
Torr range, a t  which t i m e  the adhesion tests w e r e  s t a r t e d .  
c. Results. Normal forces w e r e  equal t o  10 ,  20 ,  30, 40 
and 50 pounds applied but no measurable adhesion was detected.  
opening the chamber, the obsidian specimen w a s  found to  have a crack along 
a 45 degree shear plane. 
After 
2.  T e s t  No. 2; Cu on small obsidian specimen. 
a .  Specimen preparation. The same OFHC copper r ing  w a s  
used as for  T e s t  N o .  1 after it w a s  again chemically polished. Preparation 
of the obsidian specimen followed the same procedure as used i n  the case 
of T e s t  No. 1, however the dimensions w e r e  decreased to 0.27 x 0.20 x 
0.05 inches (0.0905 grams). There was some f luc tua t ion  i n  vacuum during 
the test but the average pressure was 8.5 X Torr. The temperature of 
the specimens w a s  90" F. 
b. T e s t  procedure. To prevent cracking of the obsidian 
the normal forces  were l imited t o  a maximum of 35 lbs ,  s ince it was found 
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t h a t  a 40 lbs ,  normal force d id  not cause cracking i n  a i r .  
c ,  Results. After  applying a 35 lb .  normal force a 
s m a l l  amount of adhesion w a s  observed, bu t  not large enough t o  hold the  
weight of the obsidian specimen, After the tes t  the obsidian surface 
contained copper p a r t i c l e s  imbedded i n  it, a s  shown i n  Fig.  2-10. 
Obsidian p a r t i c l e s  w e r e  not found on the copper disk.  
3 .  T e s t  No. 3; Cu on cleaved obsidian.  
a. Specimen preparation. The same copper r i n g  a s  i n  
previous t e s t s  was used a f t e r  chemical repolishing. 
cleaner and smoother surfaces obsidian cyl inders  of 0.175" d i a .  were 
cleaved with a s t a i n l e s  steel  blade. Before cleaving, the obsidian 
cylinder was knotched along the desired cleavage plane. 
specimen surface had a mirror-l ike smoothness with some curvature. One 
obsidian disk weighing 0.131 grams w a s  se lec ted  for  t h i s  test. 
In an e f f o r t  t o  ge t  
Most of the 
After the normal procedure of pumpdown and bake-out, 
the pressure of the chamber during the tes t  w a s  7.5 X Torr and 
the temperature of the specimens was 100" F. 
b. Test procedure. During pumpdown and bake-out the 
obsidian specimen moved s l i g h t l y  from i t s  o r ig ina l  posi t ion so t h a t  the 
copper disk could only touch one edge of the  obsidian specimen. 
c. Results. No measurable adhesion was detected.  
4. T e s t  N o .  4 ;  2024 A 1  on cleaved obsidian. 
a ,  Specimen preparation. A (2024) aluminum r ing  w a s  
machined t o  the same dimensions as the copper r ings used i n  previous 
tests. The disk specimen w a s  etched with a hydroxide so lu t ion  of 
16 grams NaOH and 90 m l  of d i s t i l l e d  water. 
fo r  f i ve  minutes i n  the  hydroxide solut ion heated between 140" F and 
160' F, and washed i n  water. The deposit  of etching products was removed 
with concentrated HNO3, followed by r ins ing  with d i s t i l l e d  water. 
The aluminum disk was dipped 
A cleaved obsidian block of dimensions 0.175" 
diameter 0.1465 height (0.1264 gram) was cleaned with acetone before the  
t es t  was i n i t i a t e d .  
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FIG. 2-10, Copper Particles on Polished Obsidian 
Specimen After Adhesion Test (20 x 20) 
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To obtain cleaner specimen surfaces,  heater  
assemblies f o r  both specimens w e r e  added as shown i n  Figs. 2-11 and 2-12. 
A spec ia l  f i x t u r e  fo r  the obsidian block was added t o  prevent misalign- 
ment of the specimens due t o  external  vibrat ions.  
b. T e s t  procedure. The obsidian was baked out  a t  950" F 
f o r  7-5 hours and the  aluminum disk  was baked out  a t  710' F for  8 hours. 
The vacuum during the tes t  was a t  4 % 8 X lo-' Torr. During the tes t  
the  copper shroud i n  the chamber w a s  cooled with l i qu id  nitrogen. The 
specimen temperatures w e r e  80" F. The tests were conducted using a 
35 l b  normal force between specimens. 
c. R e s u l t s .  Some adhesion w a s  observed i n  t h i s  test .  
The obsidian block adhered b r i e f l y  t o  the aluminum a f t e r  unloading and 
then f e l l  away from the upper r ing  specimen. Microscopic examination of 
the  obsidian surface,  Fig. 2-13, showed embedded aluminum p a r t i c l e s ;  
however, obsidian p a r t i c l e s  were not seen on the aluminum disk surface.  
After the tes t ,  another observed phenomenon w a s  adhesion of the aluminum 
disk t o  the OFHC copper p l a t e  which was i n  contact with it during the  
low pressure test condition. 
Adhesion ex is ted  between the  copper and aluminum 
a f t e r  the t es t  but  the specimens could be separated eas i ly  a f t e r  two 
hours i n  a i r .  
C. Discussion and Conclusions 
Because of the long pumpdown and bake-out procedures the 
average tes t  t i m e  w a s  approximately three t o  four days. Therefore i n  
fu ture  experiments it would be desirable  t o  u t i l i z e  an apparatus t h a t  
permits several  tests without dis turbing the vacuum environment. while it 
w a s  found t h a t  the same obsidian specimen surface cannot be reused for  
fu r the r  tests because of contamination which would a f f e c t  subsequent test  
r e s u l t s ,  the m e t a l  r i ng  may be used repeatedly. 
Rolling f r i c t i o n  might be increased due t o  stronger adhesion 
forces  i n  ul t rahigh vacuum. 
more serious than i n  a i r ,  because of lubr ica t ion  problems and since 
mater ia l  ga l l i ng  and t r ans fe r  may be expected. 
The w e a r  problem i n  vacuum i s  considerably 
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FIG. 2-11. Obsidian Specimen Heater Assembly 
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FIG. 2-12. Heater PIssembly f o r  !letal Disk 
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FIG. 2-13. Aluminum Particles on Cleaved Obsidian 
Specimen After Adhesion Test (20 x 20) 
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From the results of the review of past studies and the 
preliminary experiments described above it appears that: 
1, High vacuum may cause an increase in frictional resistance. 
2 ,  Adhesion and metal transfer may occur under high vacuum 
conditions. 
The available data are not entirely conclusive, however, and 
additional studies may be warranted. The remainder of this chapter is 
concerned with the design of test equipment that would be useful for 
further studies of the frictional and adhesional characteristics of 
materials in ultrahigh vacuum, with special reference to investigations 
of these effects in terms of the interaction between rolling metal wheels 
and non-metallic surfaces. 
IV. TEST EQUIPMENT FOR THE STUDY OF WHEEL MOBILITY ON SIMULATED LUNAR 
MATERIALS IN ULTRAHIGH VACUUM 
A. Introduction 
The following sections report the project work concerned with 
theoretical considerations, load ranges, design calculations and 
experimenbal configurations relating to two approaches for the investiga- 
tion of rolling friction phenomena and other parameters associated with 
vehicle wheel interaction with rock surfaces under simulated lunar 
environmental conditions. 
1. Specimens and relative movement. There are numerous ways in 
which probable behavior of lunar vehicles might be studied in a vacuum 
environment. Any approach must consider the following factors: 
Load input: pull force and torque 
Specimen choice: 
Relative movements of specimens: 
material type size and shape 
wheel moves (input load applied to wheel), 
support moves (input load applied to support) 
The configuration of existing equipment (Odden, 1967; 
U. S. Army, 1966) favors use of rolling specimens on basalt surfaces for 
simulations of vehicle wheel interactions with the lunar surface. 
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wheel sizes and shapes suitable for use in our existing vacuum chamber 
are shown in the experimental configurations and in Fig. 2-14. 
Possible wheel materials are aluminum, stainless steel, 
titanium alloys and non-metals. 
and low weight and excellent mechanical properties at low temperature as 
well as aluminum alloy such as 6061 T6 and 347 stainless steel (Niobium - 
stabilized 1808) have been recommended (U. S. Army, 1966). 
Titanium alloys with their high strength 
For initial tests, disc type wheels can provide informa- 
tion about the material without involving the additional influence of 
wheel geometry. 
provide information on possible benefits of large elastic deformations. 
The two different types of motive power, pull force and torque, should 
not show a significant difference in frictional characteristics or in 
energy consumption as long as no sliding takes place between the specimens. 
By using a pull force, the simulated rock can move against the wheel 
instead of the wheel being pulled along the rock specimen. 
ience the rock specimen will be translated linearly while the wheel rolls 
on it. 
Spoked wheels with differing spoke designs could 
For conven- 
2. Expected normal load range. A normal load range for the 
metal wheel specimen should be selected such that the stresses at the 
contact area of the models are the same as those for real objects in a 
lunar situation. By assuming the same stresses at the area of contact, 
similar adhesion phenomenon may be expected for both model and prototypes. 
A modeling factor will still be necessary, however, since a "size effect" 
can not be avoided. As an example, an analysis for a sphere instead of a 
metal wheel is presented, and the stress field under the sphere is assumed 
to be uniform (Fig. 2-15). The stress under the sphere is given by: 
N c f =  
Tr2 sin2 0 
(2-20) 
To assure geometric similarity, 0 is denoted as 01 = 02 where the 
subscript 1 denotes a real object and subscript 2 the model. 
1 
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FIG. 2-15. E l a s t i c  Sphere on the Rigid Support  
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Then : 
N i  N 2  
01 = I 0 2  = 
2 T r $  s i n  62 2 m 1  s in2  e l  
where : 
N 1 I  N 2  = normal load 
r l I  r 2  = radius of the contacting area 
For the case when 01 = 0 2 :  
(2-21) 
(2-22) 
From the Hertz contact stress analysis and assuming 
e l a s t i c  deformation of the sphere: 
1 / 3  d = ( 6 N r )  (2-23) 
where : 
d = the diameter of the c i rcu lar  contact area 
N = the normal load 
r = the radius of the sphere 
6 = 1 2 ( 1  - V 2 ) / E  
Again : 
(2-24) 
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if 01 = 02 then: 
1/3 .rr62/3r22/3 2/ 3 
-- - N2 
N1 1/3 R62/3r12/3 = 13 
This again gives: 
2 
Ni 
(2 -25)  
( 2  -26) 
Thus a "size effect" must be considered in extrapolating 
model test results to prototype conditions. 
The dimensions of wheels for some proposed lunar vehicles 
are given in Table 2-2. While the first four wheel concepts in Table 2-2 
are no longer being considered, the fifth is considered current for a 
dual mode (manned - unmanned) lunar roving vehicle. 
As an example, consider a 30 inch diameter wheel and an 
assumed width of 10 inches, to support a load (lunar gravity) of 50 lbs 
(300 earth pounds). 
Selecting an experimental wheel with 1 (one) inch diameter, 
and using the foregoing criterion: 
(2-27) 
N2=-=-- N1 50 - 0.0555 lb 
900 900 
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where : 
N2 is the  normal load t o  be applied on a wheel specimen w i t h  
1 inch diameter. 
A reasonable experimental normal force range would be 
0.01 pound t o  0.25 pound. Some experiments should be conducted a t  higher 
state of stress, however, i n  order t o  obtain b e t t e r  physical  r e s u l t s  on 
the wheel-rock interfaces .  
3, Force analysis .  I f  the rock specimen i n  Fig.  2-16 moves 
from l e f t  t o  r i g h t ,  the tangent ia l  force P read by straingage dynamometer 
w i l l  be: 
S 
P s = P  + P  
R B  (2-28) 
where : 
P = r o l l i n g  f r i c t i o n  between wheel and the rock 
PB = bearing f r i c t i o n  
R 
Figure 2-17 shows t h i s  re la t ionship.  The b a l l  bearing can be thought of 
as  two s l id ing  r ings ,  one i s  the  e f f ec t ive  inner race and the other  is  
the  e f f ec t ive  outer  race, with a coef f ic ien t  of bearing f r i c t i o n  p In  
Figure 2-16, N i s  the t o t a l  normal load exerted on the wheel N' i s  the 
applied load plus  the weight of the bearing saddle and the e f f ec t ive  
outer  race. Therefore, 
B -  
N1 = N - W where W = (Weight of Specimen + Specimen Shaft  
(2-29) + Effect ive Inner Race) 
I f  we  introduce p and p then, 
R B 
Ps - pR e N + pB * N' (2-30) 
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where : 
1-1, = coef f ic ien t  of r o l l i n g  f r i c t i o n  between rock and wheel 
pB = coef f ic ien t  of bearing f r i c t i o n  
The s t r a i n  gage dynamometer w i l l  read the sum of the  t w o  
f r i c t i o n  forces ,  P and PB. 
PR from P . 
Either  of t w o  techniques can be used to f ind R 
S 
a. I f  it i s  assumed t h a t  both p and p are constant i n  
R B 
the  normal load range of N! t o  N:, the  separation can be done ana ly t ica l ly .  
PR * N1 + 1-1, N!i = Psi  (2-31) 
where : 
1 N z  = N 1  + W and N 2  = N: + W 
1 Suppose N 2  = kN! then, 
yielding: 
(2-33) 
(2-34) 
( 2 - 3 5 )  
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b,  Another method for determining ?.t with the  dyna- 
m o m e t e r  i s  t o  place s t r a i n  gages on the m e t a l  s t r i p s  (see Fig. 2-19) 
which connect the  bearing saddle (Part N o .  12)" and the  weight dish 
( P a r t  N o .  18). This s t r a i n  gage dynamometer w i l l  read the  bearing 
f r i c t i o n  P The readings should, however, be cal ibrated f o r  each d is -  
Crete value of  normal load. N o r m a l  load can also be measured with these 
s t r a i n  gages i f  they are connected t o  d i f f e r e n t  bridge c i r c u i t s .  
R 
B' 
B. Design and Modification of Experimental Equipment 
This sect ion describes how our ex is t ing  f a c i l i t i e s  (Frisch 
e t  a l . ,  1968), which have been used for  the  study of s l i d i n g  f r i c t i o n  
between aluminum s ingle  c rys t a l s ,  could be modified for invest igat ion 
of  the  f r i c t i o n a l  in te rac t ion  between r o l l i n g  metal wheels and non- 
metal l ic  surfaces.  A schemayic diagram of the overa l l  experimental 
configurations i s  shown i n  Fig. 2-18. 
1. Experimental vacuum chamber. Fig. 2-19 shows the d e t a i l s  
of  t he  s t a i n l e s s  s t e e l  vacuum chamber, which cons is t s  o f  the  following 
assemblies : 
a. Top flange configuration. The top flange subassembly 
cons is t s  of a top  flange ( P a r t  N o .  5 ) * ,  s t a i n l e s s  steel bellows, threaded 
raiser ( P a r t  N o .  l), raiser knob ( P a r t  N o .  21, t h rus t  b a l l  bearing ( P a r t  
N o .  3 ) ,  bearing base ( P a r t  N o .  41, top d isk  (Part N o .  71, s t r a i n  gage 
dynamometer (Part  N o .  81, two connecting rods (Part  N o .  91, wheel speci-  
men assembly ( P a r t s  N o .  1 2 ,  13,  15), holder assembly ( P a r t  N o .  lo), 
weight dish ( P a r t  N o .  18) and an e l e c t r i c  feedthrough (Part  N o .  2 5 ) .  
Parts numbered 1, 7, 8, 9, 10, 12, 13, 15 and 18 can be ra i sed  by turning 
the  r a i s e r  knob ( P a r t  N o .  2 ) .  The L-shaped hook of the holder assembly 
rotates the rachet  wheel of the  rock specimen assembly through an angle 
of  45 degrees, which enables the  rock specimen t o  have a new surface fo r  
t he  wheel. 
The r ing  connection of the  wheel specimen assembly 
i s  ac tua l ly  disconnected when the  wheel r i d e s  on the rock specimen. The 
*For a l l  p a r t  numbers, see Figs. 19, 20,  and 21 .  
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wheel, therefore ,  has connection with only the s t r a i n  gage dynamometer 
while the  experiment is going on, The bearing saddle ( P a r t  N o .  1 2 )  is 
connected t o  the s t r a i n  gage dynamometer by a connecting rod (Part N o .  9 )  
which has p in  j o i n t s  a t  both ends. 
from the posi t ion shown i n  Figs. 2-19 t o  2-21, during the  pump-down 
period. 
A l l  of these parts are raised 1 inch 
b. Dynamometer design. The s t r a i n  gage dynamometer 
shown i n  Fig. 2-24 cons is t s  of  two bending beams with two s t r a i n  gages 
mounted on each beam. Detailed dynamometer calculat ions are given i n  
Appendix ( A ) .  This dynamometer i s  attached t o  the top  disk (Part N o .  7) 
f o r  ease of replacement. 
a r e  fo r  level ing the dynamometer when wheel specimens of  d i f f e ren t  s i z e s  
are used. The bridge configuration i n  Fig. 2-24 i s  fo r  recording the 
sum of the force P = P I  + P2 ,  when PI and P p  have d i f f e r e n t  magnitudes. 
N o  temperature compensation i s  necessary f o r  t h i s  bridge configuration. 
The blocks between the dynamometer and top d isk  
c. Wheel specimen assembly. The wheel specimen is 
threaded t o  the center  of an 1/8 inch diameter shaf t ,  which has two 
miniature b a l l  bearings press f i t t e d  a t  both ends a s  shown i n  Fig. 2-25. 
The bearing mounts are connected to  the normal load f i x t u r e  and dyna- 
mometer. The b a l l  bearing can be lubricated with s o l i d  lubricants  such 
as TaSe2 o r  WSe2. The s t a i n l e s s  s t e e l  s t r i p s  which connect the bearing 
mounts and the normal load f i x t u r e  can be used as a s t r a i n  gage dyna- 
mometer t o  determine the b a l l  bearing f r i c t ion .  This dynamometer also 
can be used t o  obtain normal load values when the a l t e r n a t e  loading 
configuration shown i n  Fig. 2-22 i s  used. 
d .  Rock specimen assembly. Fig. 2-23 shows the assembly 
fo r  mounting the rock specimen. This assembly is attached t o  the 
hydraulic cyl inder  sha f t  which uses a m e t a l  bellows fo r  the vacuum seal. 
The rock specimen shaf t  can be rotated 45 degrees f o r  each time t h a t  the 
ra tche t  mechanism i s  operated, thus providing accurate indexing of  the 
t es t  surface r e l a t i v e  t o  the disk.  The sha f t  i s  covered with a ceramic 
indulator on which a tantalum f o i l  heater i s  wound. This heater  ( f o r  
degassing the rock specimen) has a copper brush-switch which enables 
connection of the e l e c t r i c  c i r c u i t .  The temperature of the rock can be 
\ 
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obtained with a thermocouple placed between the rock specimen and the  
s h a f t *  The thermal expansions of the s t a i n l e s s  steel sha f t  ( a  = 10.2 X 
10- in/ in  OF) and the ceramics (a  = 2 X 10- in/in OF) are such t h a t  the 
clearance between the ceramic insu la tor  and the s t a i n l e s s  steel  s h a f t  
must be about 0.006 inches f o r  a temperature change of 1500' F. 
e .  Normal load f ix ture .  To provide capabi l i ty  f o r  
changing the normal load without opening the vacuum chamber, a loading 
device u t i l i z i n g  spherical  weights has been designed. 
steel sphere weighs 0.1 l b s  giving d i sc re t e  values of normal load from 
0.2 l b s  t o  2.4 lbs .  For s t ab i l i za t ion  23 spheres a re  held inside a 
s t a i n l e s s  steel tube, welded t o  the chamber w a l l ,  a s  a magazine €or 
adding dead weight t o  the t es t  configuration. 
Each s t a i n l e s s  
To increase the normal load, the pan with the spheres 
is l i f t e d  u n t i l  it is stopped by the s t a b i l i z e r .  Additional spheres a re  
dropped in to  the pan. I t  is expected t h a t  the chamber pressure may 
s l i g h t l y  increase due t o  some outgassing during t h i s  loading procedure. 
However, v ibra t ion  w i l l  not be severe enough t o  cause ser ious pressure 
burs t s .  
f .  Specimen heater .  The heater  for  the wheel specimen 
is  suspended by a holder which i s  welded t o  the top flange. 
hea te r  cons is t s  of a tantalum sheet with mica insu la tors  on both s ides .  
The mica sheets  are then sandwiched between two metal sheets ,  one of 
which i s  s t a i n l e s s  s t e e l  and the other OF'HC copper. The copper sheet  i s  
placed on the s ide  of wheel specimen. This heater  assembly is  pressed 
against  the wheel specimen and the temperature of the wheel is obtained 
by means of a thermocouple. 
This 
2. Specimen d e t a i l s .  
a .  Configurations. 
1) Disk specimens. 
Materials:  2024 aluminum a l loy  
Titanium a l loy  (6 A1-4V) 
S ta in less  s t e e l  (347 niobium 
s t ab i l i zed  18-8) 
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Four d i f f e ren t  s i z e s ,  from 0,75  to  2 inch 
diameter, can be used as shown i n  Fig. 2-14. 
Alternative wheel designs could be used i f  
desired.  
2)  Rock specimens. 
Material: Basalt  
The rock specimens can be a hollow octagonal 
column 1 inch X 4 15/16 inch long with a 1/2 
inch hole.  Each face of the octagonal column 
can be used a s  a test  surface as shown i n  Fig. 
2-23. 
b. Preparation. 
1) Wheel specimen. The specimens can be cu t  from 
1/4 inch and 3/8 inch thick p l a t e  and f inished 
t o  the dimensions shown in  Fig.  2-14. Final  
mechanical polishing of the surface should be 
done using 600 g r i t  emery paper, crocus c lo th  
and jeweler's rouge. Specimens should be 
degreased using an ul t rasonic  cleaner and 
chemically etched immediately before the tests. 
Etching products can be removed with concentra- 
ted  HNO3 followed by a r inse  i n  d i s t i l l e d  w a t e r .  
2)  Rock specimen. Five (5) inch th ick  B a s a l t  
blocks can be d r i l l e d  for  a 1 /2  inch hole and 
then cu t  with a diamond saw i n t o  1.1" X 1.1" 
square columns with the d r i l l  hole along the 
longitudinal axis .  
shaped in to  an octagonal column, lapped with 
Norton Crystal l ine Grain 400 and polished with 
Centriforce Abrasive M 303 t o  f i n a l  dimensions. 
This octagonal column can be degreased by an 
The B a s a l t  can then be 
acetone wash, followed by a 10 second etch with 
a mixture of approximately 30 per cent  (by volume) 
hydrofluoric,  30 per  cent g l a c i a l  acetic, and 
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40 per cent  fuming n i t r i c  acid (Ryan, 1967b). 
The purpose of t h i s  e tch  i s  t o  remove surface 
dus t  contamination. This e tch  should be 
followed immediately by d i s t i l l e d  water washes 
and then by oven drying i n  a loosely sealed 
g l a s s  container. 
3. Pumpdown and bake-out procedure fo r  vacuum system. After  
mounting a specimen i n  the vacuum chamber, pumpdown with a 10 cu. ft./min. 
mechanical roughing pump should be continued u n t i l  the  pressure drops t o  
10 microns. 
The main ion pump of 200 liter/sec. capacity should then be turned on. 
When the pressure drops i n t o  the 10- Torr range, the whole chamber 
should be baked-out t o  600" F f o r  a period of approximately 1 2  hours. The 
rock specimens should be baked out  a t  500° F f o r  1 2  hours, bu t  the bake- 
out  temperatures of the wheel specimens should vary according t o  t h e i r  
thermal propert ies .  For a s t a i n l e s s  steel or  titanium wheel the tempera- 
t u re  may reach 900" F without a change of propert ies ,  bu t  fo r  2024 aluminum 
a l loys  the proper bake-out temperature is 350" F. 
A cold t r ap  can be used to  prevent back-stream contamination. 
A l l  these temperatures are f a r  below the temperature 
needed to  remove chemically adsorbed oxides, but  are adequate t o  desorb 
physically adsorbed molecules. However, it may be feas ib le  t o  use ion 
sput ter ing,  b r i e f l y  described i n  Appendix (C), t o  obtain cleaner surfaces.  
The titanium filament of the cryo-sublimation pump ( P a r t  N o .  20) w i l l  be 
used t o  lower the chamber pressure a f t e r  the chamber has cooled t o  room 
temperature. The copper shroud of the cryo-sublimation pump can be 
cooled by c i r cu la t ing  l i qu id  nitrogen. The expected chamber pressure,  
using t h i s  sequence of pumping techniques is  approximately 5 X 10-l' Torr. 
4. D a t a  reduction and evaluation. The monitoring of the  
experiments u t i l i z e s  already avai lable  thermocouples, s t r a i n  gage dyna- 
mometer, res idual  gas analyzer and other per t inent  instrument3tion. The 
primary object ive w i l l  be the  determination o f  the normal and p u l l  forces ,  
t h e i r  r a t i o  during r o l l i n g  and s l id ing  motion, 1J., and us, respect ively as 
w e l l  as ve loc i t i e s ,  torques and surface conditions. The evaluation 
should r e l a t e  the  measured var iables  to  the f r i c t i o n  coef f ic ien ts ,  
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considering t h e  e l a s t i c -p l a s t i c  deformations during r e l a t i v e  surface 
motion. The wheel s i z e  e f f e c t  w i l l  hopefully, be s ign i f i can t  enough t o  
provide input data  f o r  modeling purposes r e l a t i v e  t o  lunar  vehicles.  
5. Design summary. The rock specimen whi’ch w i l l  be pul led 
by means of a hydraulic cyl inder  along the  ro t a t ing  wheel is  designed 
t o  r o t a t e  a f t e r  each t raverse  so t h a t  it can provide a new surface f o r  
the next experimental t e s t .  In  t h i s  way, several  tests can be performed 
f o r  each vacuum pump-down. This technique then makes it possible t o  do 
e ight  tests under the  same vacuum environment, and provides data f o r  
analysis  of the  e f f e c t  of normal load, temperature, etc. ,  on the 
f r i c t i o n  coef f ic ien t .  To obtain lower pressures and cleaner surfaces ,  
a cryo-sublimation pump and specimen heater  assemblies are provided. 
Better simulation of lunar rock may be accomplished with the redesign of 
ex i s t ing  sput te r ing  equipment. 
Further equipment modification t o  include tests on s o i l  
samples r a the r  than rock specimens, would be r e l a t i v e l y  simple once the 
described equipment has been constructed. 
6. Alternative experiment for r o l l i n g  f r i c t i o n .  I f  the 
R 
experimenkal r e s u l t s  show t h a t  the coef f ic ien t  of ro l l i ng  f r i c t i o n  1-i 
is  e s sen t i a l ly  independent of normal load and the r e l a t i v e  veloci ty  
between the specimens, it may be worthwhile t o  obtain a more precise  
value of 1-i using another technique. 
R 
Fr ic t iona l  energy i s  e s sen t i a l ly  a d i ss ipa t ion  energy 
which decreases the  amount of s tored energy i n  the system. Therefore i f  
w e  can measure the stored energy of the system before and a f t e r  a 
f r i c t i o n a l  displacement, the charge i n  s tored  energy represents  the 
energy d iss ipa ted  by f r i c t i o n .  Therefore we  can ca lcu la te  the  f r i c t i o n  
force by measuring the s tored energy and the  path of the system under 
consideration. A s  shown i n  Fig. 2-26 the technique i s  t o  re lease a 
spherical  b a l l  on the two inc l ined  surfaces,  and t o  measure the posi- 
t i ons  of the b a l l  a t  i t s  maximum height f o r  every cycle,  during r o l l i n g .  
Photographs w i l l  show a continuous shadow of the t rack of the b a l l  a s  
w e l l  a s  the maximum pos i t ions  (Fig. 2 -27) .  The turning points  can be 
c l ea r ly  shown, each frame containing 2 maximum posi t ions of the ba l l .  
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The maximum pos i t ions  and the inclined angle are then used t o  deter-  
mine coef f ic ien t  of  ro l l i ng  f r i c t i o n  by the  following analysis ,  Energy 
W diss ipated by f r i c t i o n  is: 
W = / F * d x  (2-28) 
where : 
F = pR Mg cos a and M is  the  mass of the b a l l .  
I f  i n  Fig. 2-28 F ( f r i c t i o n  force) i s  constant along AB and CD, and the  
mean f r i c t i o n  force along BC is Fm, then from conservation of energy, 
Mg(ho - h l )  = F(111 + 1 1 2 )  + Fm * 1 .. . . .. along AD (2-36) 
(2-37) 
Equation (2-36) -Equation (2-37) and 1 1 2  = 1 2 1  gives: 
Mg(h0 - 2hi + h2) ... F = 
111 - 1 2 2  (2  -39) 
The above equations are based on the assumption t h a t  there  i s  no s l i d i n g  
between the b a l l  and the rock. Subst i tut ing F = Mg cos a gives: 
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(2-40) 
This last expression for SJI contains terms for the posi- 
tions of the ball and the angle a of the inclined surface. A series of 
p can be calculated by this method and each value of p represents the 
coefficient of rolling friction at the average velocity of the ball in 
each cycle of movement. 
not involve the curved surface BC. 
R 
R R 
An advantage of this expression is that it does 
To assure that sliding does not occur between the two 
specimens, the angle a must be less than the angle of sliding friction. 
The rock specimen and the ball can be placed inside the 
vacuum chamber for determination of the coefficient of rolling friction 
between the metal ball and the rock under simulated lunar conditions. 
v, SUMMARY 
This chapter has presented a review of the studies on friction and 
adhesion phenomena in vacuum between some engineering materials and 
simulated lunar rocks. It also describes possible experiments on rolling 
friction of wheels for lunax vehicles on a simulated lunar surface to aid 
in the estimation of power requirement for future lunar locomotion. An 
experimental configuration has been designed to determine coefficients of 
rolling friction relative to the applied load, temperature, wheel size 
and wheel velocity. Preliminary tests in vacuum on the adhesion between 
obsidian and copper as well as aluminum were performed, and are reported. 
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APPENDIX 
A. ROLLING FRICTION DYNAMOMETER DESIGN 
1. Design Constraints 
a. N o r m a l  load range: 0.2 to  2.4 lbs .  
b. D i a m e t e r  of  the wheel specimen: 3/4 to 2 inches. 
c. Maximum allowable dynamometer length: > 3 inches. 
d. Loading condition: short-term s ta t ic  loads. 
e. Amplifier s ens i t i v i ty :  1pV. 
2. Design of S t ra in  Gage Dynamometer 
a.  Minimum force. I t  is  known t h a t  the coef f ic ien t  of f r i c -  
t i o n  i n  ul t rahigh vacuum i s  considerably higher than under normal 
atmospheric conditions. Roughly compared t o  a i r ,  a vacuum environment 
causes twice the  coef f ic ien t  of f r i c t ion .  Relative t o  the designed 
experiment, the  f r i c t i o n  coef f ic ien t  f o r  a n t i f r i c t i o n  needle bearings i s  
0.0045* and the coef f ic ien t  of r o l l i n g  f r i c t i o n  between steel  wheels and 
ra i l s  is  about 0.006. These values might be c:onsidered as a reasonable 
ant ic ipated lower bound for  the coef f ic ien t  of ro l l i ng  f r i c t i o n  between 
the rock and the wheel specimen i n  vacuum. Choosing 1-1 = 0.006 as a 
lower l i m i t  f o r  the  expected coef f ic ien t  of r o l l i n g  f r i c t i o n  i n  vacuum, 
the minimum force the dynamometer w i l l  be subjected t o  is: 
R 
F’min = p Nmin = 0.006 X 0.2 = 0.0012 lb s  (2-A-1) 
R 
b. Maximum force. In  general, r o l l i n g  f r i c t i o n  can not  be 
grea te r  than the  s l i d ing  f r i c t i o n  between the so l ids ,  and the coef f ic ien t  
of s l i d ing  f r i c t i o n  becomes the upper bound f o r  the coef f ic ien t  of r o l l i n g  
f r i c t ion .  The coef f ic ien t  of s l i d ing  f r i c t i o n ,  ps, between aluminum and 
* Arvir? Palmqren, “ B a l l  and R o l l e r  Bearing Engineering”, SKF Industr ies ,  
p. 39, Philadelphia, 1945, 
2-A-2 
basalt has been reported as 0.6 (Fields e t  a l e ,  1967). Therefore the 
expected maximum force for  the dynamometer would be: 
Fmax = 1-1 e Nmax = 0.6 X 2.4 = 1.44 (lbs) 
S (2-A-2) 
c. Dynamometer configuration. The force F ac t ing  on the 
dynamometer has a very low minimum value. The simplest dynamometer 
configuration which s a t i s f i e s  the  requirements f o r  r e l i a b l e  measurements 
i s  the  cant i lever  beam type which uses bending s t r a i n  t o  measure the 
applied force. A s  shown i n  Fig. 2-29 t w o  cant i lever  beams are used, one 
f o r  each s ide  of  the wheel shaf t .  The beam is 2.5 inches long and 
0.20 inches wide fo r  a 1/8 inch resis tance s t r a i n  gage. The s t r a i n  gages 
fo r  t h i s  appl icat ion are selected for  t h e i r  s ens i t i v i ty  and r e l i a b i l i t y  
i n  vacuian appl icat ions (Frisch, e t  a l . ,  1967b). 
Four s t r a i n  gages, one on each s ide  of the two beams, can 
be used t o  form a temperature compensated bridge. 
3. Material. 17 - 4 PH s t a in l e s s  steel, with proper 
elongation, s t rength  and creep propert ies  i s  used fo r  the beam. 
e. Minimum s t r a i n  of the cant i lever  beam. The section 
modulus of the cant i lever  beam shown in  Fig. 2-29 is: 
where : 
b is  the width and h is  the thickness. 
The bending moment a t  the gage sect ion i n  Fig. 2-29, is: 
F M = x (2.5 - 0 . 4 )  = 1.05F 
S 
( 2 -A- 3 ) 
(2-A-4) 
2-A-3 
GAUGE 
FIG. 2-A-l . Dynamometer Beam Configuration 
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The corresponding bending stress a t  the surface is: 
Ms 
= 3.15 F - psi  0 = - -  - 
0 .0333h2 h2 s z  
(2-A-5) 
The bending stress a t  the f r ee  surface with minimum force Fmin = 
0.0012 ( lbs)  is: 
3.15 X 0.0012 - 0.0378 (cSs)min = - p s i  (2-A-6) 
h2  h2 
Young's modulus of 17 - 4 PH s t a in l e s s  steel is: 
which gives the  s t r a i n  & when (0 )min is applied.  
E = 28.5 X l o6  p s i  
S S 
- 1.32 X 10- - 0. 0378/h2 
28.5 X 10- h2 
(0 )min 
- S - 
€s - E (2-A-7) 
f. Thickness of the cant i lever  beam. The formula for  bridge 
output voltage i n t o  a known load is: 
VG * 
4 ( R  + r) 
where : 
E = shear s t r a i n  per gage 
V = bridge supply v o l t s  
G = gage fac tor  
n = number of ac t ive  gages 
R = nominal gage res i s tance  
r = load resis tance 
S 
( 2 -A-8 ) 
2 -A-5 
As the standard oscilloscope input resistance is 1 megaohm, the 
previous formula can be simplified to give a very close approximation. 
E e VGn 
S 
Eo 4 (2-A-9) 
For the proposed design the following values will be used: 
v = 12 volts 
G = 2.0 
n = 4, and (E )min was - (1.32 x lo7) 1 
h2 S 
Then : 
1.32 x lo7 
(Eo)  min = (12 x 2 x 4) 
4hZ 
( 2 -A-1 0 ) 
- 3.18 X lo’-* Volts - 
h2 
Since the noise level of the D.C. amplifier is lpV, the minimum output 
voltage should be higher than 10 VV to have a signal to noise ratio 
higher than 10. 
(2-A-11) 
2 -A-6 
g. For a 0.056 inch th ick  cant i lever  beam: 
( 2 -A-1 2 ) Mmax Fmax X 2.5 - m a x  x 2.5 x 3 - - 
bh2 22 
( a s ) m a x  = -- 
Z 
1. 
The allowable s t r e s s  range f o r  the dynamometer is usually 1/5 CJ B e l o w  
t h i s  stress range, no permanent deformation is expected. 
t '  
1 F'max x 2.5 x 3 
5 t  (CJs)max = - 0 = bh2 
(2-A-13) 
Subst i tut ing the dimensions and the y ie ld  stress 0 of 
t 
17 - 4 PH s t a i n l e s s  s t e e l  180,125 psi ,  the  above Equatj-on, max i s :  
180,125 X 0.2 X (0.056)2 = 3.02 lbs 
5 x 7.5 Fmax = 
( 2 -A-14 ) 
This value of Fmax is higher than the expected maximum 
r o l l i n g  f r i c t i o n  force and the  cant i lever  beam thickness 0.056 inch is  
suf f ic ien t .  To obtain b e t t e r  s ens i t i v i ty  a t  the  lower l i m i t ,  the 
thickness is changed t o  h = 0.050 inches and the allowable force Fmax 
i s  decreased t o  2.4 l b s  which is  st i l l  larger than the expected maximum 
force of 1.44 pounds. 
h. S t r a in  gage hea t  diss ipat ion.  A s  a general guide, a 
bonded s t r a i n  gage w i l l  not d i s s ipa t e  more than 250 m i l l i w a t t s  of 
continuous power. 
supply of 1 2  v o l t s  w i l l  be: 
The d iss ipa t ion  for  a 350 R bridge with a bridge 
144 - 0.41 w a t t s  w = - = - -  E2 
R 350 
( 2 -24-1 5 ) 
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Each 350 R bridge arm w i l l ,  therefore,  d i s s ipa t e  - o"41 - 103 m i l l i w a t t s ,  
which is  considered a safe  design c r i t e r ion ,  
4 
B . BEARING LUBRICATION 
In order t o  keep the f r i c t i o n  i n  the wheel shaf t  bearings as s m a l l  
as possible,  so-called space lubricants  have been considered. These 
are s e l f  lubr ica t ing  so l ids  such as reinforced Teflon and Molybdenum 
Disulfide MoS2. The advantage of solid lubricants  is  avoidance of out- 
gassing and s t a b i l i t y  a t  high temperatures during the repeated bake-out 
cycles. In  addi t ion TaSe2 (Magie, 1966) shows good vacuum s t a b i l i t y ,  
to  be considered as w e l l  as the Dicronite" lubricant  which appears to  
have a permanent lubricat ing qual i ty .  
C. SPUTTERING OF ROCK SPECIMENS 
1. Solar Wind Simulation 
The solar wind i s  known t o  be composed mainly of protons, 
e lectrons,  a p a r t i c l e s  and o the r  heavy particles. However the sput ter ing 
e f f e c t  is due t o  proton and a p a r t i c l e  bombardment. Some so la r  wind 
da ta  (Wehner, 1963) t h a t  are useful for  a rock sput ter ing technique are 
shown i n  Table 2-4. To design the sput ter ing equipment, sputtering-yield 
da t a  a r e  needed fo r  proton and a particle bombardment o f  various m e t a l  
and rock surfaces i n  the range of  1 t o  20 K e v .  The y i e ld  curve fo r  H e  
ion  bombardment reaches a very broad maximum a t  energies i n  the region 
2 t o  10 K e v  and i n  a f i r s t  approximation the maximum yie ld  can be set  a t  
3/2 the  value found a t  600 ev. 
+ 
A l s o ,  the  yields  f o r  l i g h t  ions (e.g., hydrogen) are a t  least  
+ t w o  orders of magnitude lower than those f o r  more massive ions ( N e  or 
A r  ) of the same energy (Wehner, 1963). Therefore it is advantageous 
t o  use heavier ions to  shorten the sput ter ing t i m e  i n  the laboratory. 
+ 
It  may a l so  be noted t h a t  Si02 sput ters  (volumewise) a t  roughly 
the  same rate as Fer while A 1 2 0 3  has a sput ter ing rate which i s  lower by 
a fac tor  of f ive .  Various rock samples show a thickness decrease which 
* Dicronite Lubricants C o . ,  MPB, Inc. 
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is about equal t o  or s l i g h t l y  higher than t h a t  of a medium sput te r ing  
rate m e t a l  such as Fe (Wehner, 19631, The sput te r ing  r a t e  i t s e l f  is 
considerably higher i f  the beam s t r i k e s  obliquely r a the r  than a t  normal 
incidence. 
Generally sput te r ing  has the e f f e c t  of smoothing the surface 
but  polished surfaces  show a higher degree of microscopic roughness a f t e r  
sput te r ing  because d i f f e ren t ly  oriented c r y s t a l l i t e s  have d i f f e r e n t  
sput te r ing  y ie lds .  
surface becomes enriched with metal. It appears t h a t  l i g h t e r  atoms 
(i.e.,  oxygen) are more l i k e l y  t o  escape from the  surface than m e t a l  
atoms. This matches the probabi l i ty  t h a t  l i g h t e r  atoms excape from the  
moon’s grav i ta t iona l  f i e l d ,  
Sputtering of oxide powders shows t h a t  the bombarded 
2. Schematic Diagram f o r  Rock Sputtering 
The main problem i n  argon ion sput te r ing  is the  d i f f i c u l t y  of 
removal by pumping of the argon gas a f t e r  the sput ter ing.  To minimize 
the  load of pumping argon sput te r ing  equipment can be designed i n  an 
auxi l ia ry  chamber, as shown i n  the diagram of Fig. 2-30. 
The auxi l ia ry  chamber w i l l  be f i l l e d  with pure argon u n t i l  t he  
pressure rises t o  1 X lom3 Torr while the filament is  on. 
magnetic c o i l  permits the e lec t rons  t o  have longer h e l i c a l  path. This 
may increase the  ionizat ion rate of argon. Furthermore the argon ions 
can be p a r t i a l l y  trapped along the  core. 
voltage of -300 i s  applied t o  the  OHFC copper p l a t e s  t o  accelerate  argon 
ions. After one sput ter ing cycle the rock specimen w i l l  be covered by 
A r  . To eliminate cat ion screening of A r  the  switch i s  connected t o  
+30V t o  enable the e lec t ron  bombardment of the  rock specimen. 
method the Ar can be neutral ized,  preceding the next cycle sput ter ing.  
This process is continued u n t i l  the main chamber pressure reaches 1 X 
lom3 Torr. 
evacuating argon is s t a r t ed  t o  bring the base pressure t o  1 X 10” Torr,  
a t  which t i m e  it is almost saturated with argon. 
s t a r t e d  t o  evacuate the remaining argon. 
10- Torr can be obtained using the auxi l ia ry  ion pump before s t a r t i n g  
the main ion pump (Frisch e t  a l . ,  1968) . 
The outer  
Then valve V I  i s  opened and a 
+ + 
By t h i s  
+ 
After  the sput te r ing  process, the  auxi l ia ry  ion pump f o r  
The main ion pump i s  
A chamber pressure of 1 X 
2-A-10 
N 
F 
c\1 
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To estimate the sput te r ing  rate of rock, the rock specimen 
w i l l  be replaced by an OFHC m e t a l  block of the  same cross sec t ion  as 
the  rock specimen. 
By measuring the cur ren t  flowing through the  copper block, the 
f lux  of incident  argon ions can be calculated.  
(2 -A-16) current (amp) 
1.602 x 10-l~ ( coulomb/ i on 
N o .  of  argon ion/sec = 
However, the ion f lux  may be d i f f e ren t  f o r  a metal t a r g e t  than a rock 
t a rge t .  But as long a s  no voltage i s  applied t o  the t a r g e t ,  the 
difference w i l l  be negl igible .  The sput ter ing r a t i o  f o r  rock can be 
assumed a s  0.2 s ince t h i s  value i s  the usual one for  oxides (Frisch e t  
al . ,  1968). Therefore, about 1/5 of the number of argon ions which 
s t r i k e  the rock corresponds t o  the number o f  rock atoms removed. 
sput te r ing  t i m e  w i l l  be determined from the thickness o f  the  rock 
surface t o  be removed. 
The 
Currently used sput te r ing  techniques fo r  metals can be used 
f o r  the wheel specimen (Frisch e t  a l . ,  1968). 
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CHAPTER 3 
UTILIZATION OF LUNAR SOILS FOR SHIELDING AGAINST 
RADIATIONS, METEOROID BOMBARDMENT, AND TEMPERATURE GRADIENTS 
(Francois E. Heuz6 and Richard E. Goodman) 
I. INTRODUCTION 
Protection has to be provided for astronauts on the moon against 
three environmental factors: radiations, meteoroids and excessive 
temperature gradients. Extended stay times and payload constraints 
will require that some of the shielding materials be indigenous to the 
lunar surface. They are proposed here as lunar soils. 
Present knowledge regarding each of the mentioned hazards is re- 
viewed and a model selected. Lunar surface material properties used can 
be those selected by Smith and Mitchell (1968) from Surveyors and other 
pertinent experiment conclusions. 
First estimates of shielding thicknesses are then established 
corresponding to a given set of assumptions whose validity is discussed. 
Further research needed is also outlined where it is felt that major 
uncertainties still exist for the establishment of final shielding 
specifications against a given hazard. 
11. SHIELDING AGAINST RADIATIONS 
A. Environment 
Latest radiation environment analyses by NASA and the U. S. Air 
Force have been summarized by Burrell et al. (1968) and Curtis and 
Wilkinson (1968) as follows : 
Protons and electrons in the Van Allen belts (of no concern 
for on site lunar exploration). 
Solar wind (not discussed, since no appreciable dose is received 
behind any nominal shielding). 
3 -2 
Galactic cosmic radiation (85% protons, 14% a particles I 
1% heavier nuclei), 
without shielding, 
Dose rate is approximately 10 rads/year 
Energetic solar cosmic radiation (protons and a particles),\ 
Maximum flare flux is about l o 9  protons/cm2 above 30 mev. 
It appears that lunar radiation shielding will have to be de- 
signed against energetic solar radiation for missions of extended 
duration (greater than one week). 
B. Flare Predictions, Dose Rates, Shield Thicknesses 
Based upon selection of solar flares obtained over the past 
25 years, Burrell et al. (1968a) and Lahti et al. (1968) developed 
stochastic Monte-Carlo models for prediction of future events. Cumulative 
probability distributions of overexposure can then be obtained for missions 
of a given length as a function of dose rates and shield configurations. 
The proce6ure is as follows: 
Compile actual solar flare data (n flares over a complete 
activity cycle). 
Estimate total dose received during each flare behind shielding 
of given material and thickness. 
Select mission length. 
Input in computer program for stochastic model the previous 
dose estimates and have it generate N missions (several tens 
of thousands ) . 
Smooth out the dose probability output for this particular 
mission and the particular shielding configuration(s). 
Computations of references 2 and 6 are summarized in Table 3-1. 
C. Discussion 
We can assume that given the same input, two well conceived 
stochastic models will give the same overexposure probability outputs 
owing to their use of random numbers to the large number of missions 
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generated and to  the  f i n a l  smoothing out  of r e su l t s .  Thus, any discussion 
of r e l i a b i l i t y  s h a l l  focus upon the input da ta ,  Shield thicknesses are 
given by a parameter with dimensions grams/cm2. 
thickness of a given material, one must divide by the mater ia l  densi ty .  
It is s t a t ed  ( B u r r e l l ,  1968a) t h a t ,  " in  terms of these u n i t s ,  the penetra- 
t i o n  cha rac t e r i s t i c s  of charged pa r t i c l e s  are almost the same i n  a l l  
mater ia ls  (hydrogen being the only exception)." This, according t o  B u r r e l l  
(1968b), should not be taken as an engineering concept but  ra ther  as a 
qua l i t a t ive  statement explaining the use of the pa r t i cu la r  un i t s  g/crn2. 
To convert to ac tua l  
With t h i s  i n  mind, computed doses f o r  the the three  major 
f l a r e s  or  c l u s t e r s  i n  the 1956-1962 cycle w i l l  be compared f o r  d i f f e r e n t  
sh i e ld  thicknesses and d i f f e r e n t  materials.  Table 3-2 is  compiled from 
References 2 (p. 7 )  and 6 (pp. 10 and 2 1 ) .  For reasons of convenience, 
these r e s u l t s  a r e  p lo t ted  on Figure 3-1. This comparison c a l l s  f o r  the 
following remarks: 
1. Based upon r e s u l t s  for  one material (Al), doses f o r  input  
da ta  as given by d i f f e r e n t  programs (References 5 and 7) a r e  not s i g n i f i -  
can t ly  d i f f e ren t .  L e t  d be the  dose, then s i x  values a re  obtained f o r  
Ad/d, taken a s  2(d3 - d4)/(d3 + d4) 
- -  Ad - + 0.04, + 0.095, + 0.09, - 0.07, - 0.075, - 0.08 
d 
Relative e r ro r s  are < 10% i n  t h i s  example. Thus it w i l l  be assumed t h a t  
a l l  together,  input doses f o r  the Monte-Carlo models are f a i r l y  w e l l  
es tabl ished as a function of recorded f l a r e s .  
2. For a l l  these materials, the respect ive influence of t he  
three  f l a r e s  are reversed when the sh ie ld  thickness i s  changed 
f o r  td = 10 g/cm2 
f o r  td = 20 g/cm2 
Total  Dose i n  rads  
Feb 56 > Nov 60 > July 59 
Feb 56 < Nov 60 - > July 59 
The implications of t h i s  f a c t  are not clear t o  the authors.  
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3. Aluminium is consistently least efficient and polyethelene 
most efficient of the above materials. 
D. Applications - Examples 
For engineering applications a first estimate of soil shield 
thickness will be based upon conservative "dimensionless" values; those 
for aluminum shielding. For non-hydrogenous materials aluminum is a 
good shield and might be close to lunar materials in atomic number 
(Burrell, 1968b). 
The following computational procedures are then proposed: 
1. Define mission duration (T days on site) 
2. Select maximum allowable total dose D from allowable max 
= T a d  ) max (Dmax W X  daily dose d 
3. Select desired probability, p, of no overexposure to the 
maximum allowable dose 
4. Compute corresponding "dimensionless I' aluminum shie Id 
thickness (by means of one of the available programs 
(Hildebrand, 1966; Norman, 1967) 
5. Select a value for the average lunar soil shield density 
(the degree of soil compaction for instance can be intro- 
duced here) 
6. Compute the corresponding required soil thickness 
1. T = 52 weeks = 364 days 
2. d = 0.2 rad/day; D E 73 rads/year 
Illax max 
3. p = 99.99% 
4. From Reference 3 ,  p. 30, t 22 g/cm2 A1 
= 1.35 g/cm3 (soil similar to fine grained sand with soil 5. x 
high porosity, p = 50%, -no compaction) 
3 -8 
t N 16 cm of s o i l  
To fu r the r  t h i s  example, r e s u l t s  of similar computations are 
tabulated on T a b l e  3-3 f o r  d i f f e r e n t  specif icat ions.  
E. Summary - Conclusions 
Considering t h a t  the Monte-Carlo f l a r e  predict ions tend t o  
y i e ld  conservative numbers, these first estimates a r e  believed to be safe .  
They have a bu i l t - i n  fac tor  of safety owing to the following fac ts :  
1. "Dimensionless" shield thicknesses used a re  those computed 
f o r  aluminum 
2. N o  b iological  cel l  regeneration is  assumed 
3 .  Moderate t o  high s o i l  po ros i t i e s  ( l i t t l e  t o  no compaction) 
have been considered. Higher compaction w i l l  indeed provide 
b e t t e r  protect ion fo r  the same thickness 
4. On site any c u t  and cover operation f o r  s h e l t e r  bui lding 
w i l l  involve the use of some roof support and sea l ing  of 
materials.  They w i l l  come as an addi t ional  shielding u n i t  
On the other  hand. the estimates do not account fo r  other  rad ia t ion  types 
(whose hazard is indeed much smaller). Wilson and Karcher (1966) have 
concluded t h a t  bes t  protect ion against  primary neutron f lux  and lowest 
secondary gammas is obtained i n  s o i l s  with high s i l i c o n  and l o w  i ron  
content. I t  i s  encouraging t o  know t h a t  lunar s o i l s  a re  of t h i s  type. 
See V o l .  I, Chapter 2 ,  t h i s  report.) 
111. SHIELDING AGAINST mTEOROIDS 
A. Environment -Model Selection 
Meteoroids i n  the  lunar environment can be characterized by four 
parameters: mass, densi ty ,  veloci ty ,  and mass f lux relat ionship.  D e t e r -  
mination of these parameters has been the objec t  of a g rea t  many e f f o r t s  
(Cosby, 19651, and w e  s h a l l  t r y  here t o  adopt a workable model taking 
i n t o  account t h i s  previous research. 
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TABLE 3-3 
SOIL SHIELD THICKNESSES FOR GIVEN SPECIFICATIONS 
dmax P tAl Ysoi 1 tso i  1 
rads/day % g/cm2 g/cm em 
0.1 99.99 24" 1 .oo 24 
0.1 99.99 24* 1.50 16 
0.2 99.99 21 * 1 .oo 21 
0.2 99.99 21 * 1.50 14 
2 Weeks 
0.1 99.99 29* 1 .oo 29 
0.1 99.99 29 * 1.50 19.5 
0.2 99.99 22* 1 .oo 22 
0.2 99.99 22" 1.50 14.5 
1 Year 
0.1 99.99 24** 1 .oo 24 
0.1 99 * 99 24** 1.50 16 
99.99 15* 1 .oo 15 
0.2 99.99 15"" 1.50 10 
20 Months os2 
*From Reference 2 
**From Reference 6 
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After Bjork, et ale (19681, the bulk of currently available 
information regarding this environment is derived from four sources: 
1, 
2. 
3 .  
4. 
Photographic observations of the luminous trajectories 
of meteoroids earth's atmosphere, photographic meteors, 
mass = to 1 gram 
Radar observations of the ionization trails of meteoroids 
in the earth's atmosphere; radio meteors, mass = lom6 to 
gram 
Rocket and satellite sounding board measurements of 
meteoroid impact momentum 
Penetrating flux measurements by satellites such as those 
taken by Explorer XVI, Explorer XXIII, and by the Pegasus 
vehicles 
A review of the m s t  recent models for near earth and deep space 
is presented in T a b l e  3-4. All of them propose a linear relationship 
between the logarithmic flux per unit time and unit surface, and the 
logarithmic meteoroid mass. Moreover, mass ranges are generally specified 
and the parameters of the linear relationship accordingly modified to 
allow for an added reduction in the flux when masses reach the extremes 
of the brackets considered. For our design specifications, we shall select 
here from all previous models, a conservative estimate giving the highest 
flux (sporadic + stream). According to Naumann's model (1966) the total 
mass influx will be considered negligible for m - < low8 gram. 
This model does not give any further reduction of the flux for 
m < lom6 g and m < 1 g as could be done considering proposed mass influx 
distributions (Naumann, 1966; Bjork et al., 1967; R o s s ,  19681, which 
emphasize the influence of meteoroids with mass < m < 1 g. On the 
contrary we shall compensate for the reduction in flux of masses m > 1 g 
inherent to the logarithmic form of the expression by adopting a bilinear 
relationship. 
- - 
- -  
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odels presented in Table 3-4 apply to an omnidirectional flux 
(2 K steradians), For a shield of finite area on the lunar surface, the 
angle will be K steradians. Thus, with 
11 < v < 72 km/sec - -  
0.26 < ‘JT < 2.8 g/cm3 - -  
solid angle = K steradians 
the following model is adopted: 
10 --e < m  < 1 gmm - -  loglo N = - 1.0 log m - 12.7 
1 < m < 10 gram - loglo N = - 0.8 log m - 12.7 
where N is the number of impacts per m2/sec above mass m in grams. 
Equations 3-1 and 3-2 are now expanded into Table 3-5. For different 
specifications of mission length T and shield area A, the table gives the 
probability P of having impacts above a given mass m or conversely 
the maximum mass M 
above M (equivalent to N /mission - < 
max 
corresponding to a 99.99% probability of no hit 
maX 
maX total 
For example it can be seen both ways [Table 3-5(*)1 that with 
the model we have proposed, a 100 m2 shield over a one year period will 
have a probability of 99.99% of not seeing an impact greater than 10 grams. 
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The problem is then to  obtain s h i e l d  spec i f ica t ions .  
B, Design Constraints and Discussion 
The s h i e l d  design s h a l l  be adequate against  two hazards: 
sh i e ld  perforat ion and sh ie ld  erosion. 
by other  inves t iga tors  f o r  metal and polyethylene sh ie lds  (Bjork, 1963; 
McMillan, 1968; Fish,  1968) cannot be r ead i ly  adapted t o  s o i l  sh ie lds .  
However, s o m e  parameters of hypervelocity impacts i n  soils have been 
invest igated which lead t o  the following approach. 
Methods of approach adopted 
W e  s h a l l  consider the following two constraints  and discuss 
t h e i r  implications: 
1. The depth of the  la rges t  crater created e i t h e r  by primary 
o r  secondary impact sha l l  be a f rac t ion  A of the sh ie ld  
thickness ( thick t a rge t ) .  
2. The total  mass ejected from the shield by impact over 
the mission length sha l l  be a f rac t ion  E of the t o t a l  
s h i e l d  mass. 
a. The perforat ion cons t ra in t .  With respect t o  primary 
impact, t w o  new parameters must now be defined: 
1. The r a t i o  a = (m 1 I/m of the primary mass 
e j 
e jec ted  by an impact t o  the mass of the 
impacting meteoroid. Given a and the s o i l  
dens i ty ,  the volume ejected can then be 
computed. 
2. The r a t i o  f.3 of crater diameter t o  depth. Given 
f.3 and knowing the volume e jec ted ,  the crater 
depth can be computed. The assumption, however, 
has  t o  be made t h a t  the primary crater is conical  
i n  shape. This is  consis tent  with the use of a 
thick ta rge t  i n  unconsolidated materials 
(Constraint 1) . 
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Possible a values have been suggested by experimenters 
i n  hypervelocity impact (Gault, e t  a l , ,  1963; and others)  and discussed 
by Ross  (1968)- For a weakly cohesive f i n e  quartz sand-like s o i l  and 
f o r  velocities up t o  30 km/sec, maximum values fo r  a are obtained i n  the 
mass range t o  1 gram; the consensus is i n  favor of i o 3  < a < i o 4 .  - -  
Much e f f o r t  (Bjork, 1963; Smith, 1965; Quaide and 
Oberbeck, 1968) has been devoted t o  obtaining representat ive 13 values; 
f3 is generally presented as proportional t o  the impact velocity r a i sed  
to  a power n (n being a f r ac t ion  of 1) and depends upon the  t a rge t  s t rength.  
However, f o r  lunar type s o i l s  and over a wide range of ve loc i t i e s ,  t yp ica l  
B bracket (Ross, 1968; Moore, 1967) may be taken as  1/3 < B < 1/5 with 6 = 
1/4 suggested as a mos t  representat ive value f o r  a cone-shaped crater. 
- -  
The respect ive influence of primary and secondary 
A s  impacts must a l so  be assessed from t h e  standpoint of penetration. 
observed by Gault, e t  al .  (19631, the g rea t  majority of secondary e j e c t a  
have zi veloci ty  smaller by about 2 orders of magnitude than the primary 
impact. Low ve loc i ty  penetrat ion equations could then be applied.  They 
have been under invest igat ion f o r  several  years and recent ly  Moore (1967) 
proposed t h e i r  appl icat ion to lunar secondary c ra te rs .  
Mitchell 71968) later modified Moore’s equations. However, t h i s  is not 
Quigley and 
necessary when r e l a t i v e  penetrat ion depths only a re  considered. 
we  are in te res ted  here i n  the  mass and ve loc i ty  of the l a r g e s t  fragment 
e jected.  Gault, e t  a l .  (1963), have discussed t h i s  and proposed the  
following. For masses of primary’impact < 10 g (which is the  upper l i m i t  
w e  have adopted i n  our model), the  mass of the l a rges t  fragment e jec ted  
M is a t  m o s t  1/10 of the total  mass e jec ted  i n  primary impact (M )I. 
Thus 
In  f a c t  
/ 
- 
e j  e j  
with a < l o 4  ‘mej 1 max - < i o 3  M~~ - 
(v 1 < vmax e j  max - 
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The k i n e t i c  energy of the l a rges t  fragment of 
ejecta is then smaller than 1/10 t h a t  of the primary impact and we  
s h a l l  i n f e r  t h a t  primary impacts only are relevant  to the perforat ion 
cons t ra in t .  
b. The erosion cons t ra in t .  The total  ejecta has now 
t o  be computed by in tegra t ion  over the impacting mass range considered 
t o  s a t i s f y  Constraint  2. From Equations 3-1 and 3-2, N can be rewr i t ten  
as (dimensions, grams, meters, seconds) 
k l  = 1, k2 = 12.7 with < m < 1 g - -  4 1  m i N =  per  m2/sec 
k l  = 0.8, k2 = 12.7 with 1 < m ( l 0  g 1 O k 2  
* 
l e t  N (m.) be the rate of change with respect  t o  mass, of the number of 
impacts of mass m 
1 
(per m2/sec), i .e. i 
m 
therefore  
* 
d N = - N  * d m  
a l s o  
Thus, within a mass range [m , m 1, the t o t a l  mass in f lux  M 
is with m < m 
per m2/sec i j  t o t  
i j 
3-17 
with 
We can compute for example the total mass influx for 
our model in the range lo-' - -  < m < 10 g 
- 0 . 8  
dm m 
-1 10 
dm + 0.8 m 
1 
1012. 7 Mtot = jlo-8 2.7 1 
1 
= 2.303 + 0.8 
1012.7 
= 20.78 10-12-7 g/m 2/sec 
REMARK: Based on Naumann's distribution (19651, Ross (1968) computed 
the total mass influx for Naumann's model with the following result: 
= 40 * g/m2/year for < m < l o 3  g Mtot - -  
The method described above applied to Naumann's model gives a value of 
= 72.8 X g/m2/year for lo-'' - -  < m < lo3 g Mtot 
3-18 
which differs from R o s s .  
More generally the same probability approach should 
be adopted for the erosion of a shield area A over a time length T, so 
that : 
1. Once M is computed, then the total influx is 
maX 
2 .  If the probability p adopted for computation of 
crater depth is p = (1 - lo") %, then with the 
same probability we shall have 
for the general mission specifications given. 
Secondary impacts must also be considered from the 
standpoint of erosion. Ross (1968) has discussed this problem, and 
based upon results obtained by Gault, et al. (1963) adopted for (M 1 2 ,  
total mass ejected by secondary impacts, 
ej 
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Thus, we shall take conservatively for the total mass eroded 
= 1.1 * a * l on  0 M~~~ g/m2/sec 
3. lMej 'mission = 1.1 * a * lon * Mtot A * T grams 
c. Conclusions. Several remarks and conclusions are 
now presented Prom the preceding. 
1. 
2. 
3 .  
4. 
5. 
6. 
Our model has the same form as Naumann's. Thus 
not taking into account masses greater than 10 g 
underestimates the total mass influx by about 
4%. This is negligible with respect to Constraint 2. 
The selection of an upper limit for impacting 
masses will then have influence only on Constraint 1. 
The proposed model appears to be quite conservative 
with respect to Naumann's total mass influx. 
With respect to shield erosion and perforation 
primary impacts only will have to be considered. 
In fact, within the mission lengths and shield 
areas considered, Constraint 2 will prove to be 
satisfied (see Table 3-6). Even if it were 
assumed that a l l  the ejecta is lost (no fall-back 
upon shield), M will be small coqared to the 
total shield mass for any significant shield 
thickness (a few centimeters). 
Topographic sheltering as defined by R o s s  (1968) 
will not have to be introduced since we are 
looking for a conservative estimate. Crater 
superimposition will not be considered critical 
ej 
3-2 0 
e i t h e r  since the sh i e ld  w i l l  be designed 
according to the l i m i t s  of confidence desired,  
aga ins t  the l a r g e s t  primary impact which 
happens only once. 
7. It is  preferable ,  when a given shel tered area 
is  needed, t o  obtain it through the  use of 
separate she l t e r s  ra ther  than with an unique 
one. For a given safe ty  l e v e l ,  the l a rges t  
impact considered w i l l  be smaller fo r  smaller 
sh ie lds  and the  sh ie ld  thickness reduced. In  
the  case where a is selected as l o 4 ,  the t o t a l  
amount of s o i l  t o  handle w i l l  then a l so  be 
reduced. 
same. 
I f  a = l o 3 ,  t h i s  amount w i l l  be the 
8. U s e  of more numerous, smaller she l t e r s  i s  again 
more desirable  with t h i s  model s ince it decreases 
the  r i s k  of t o t a l  loss of avai lable  shel tered 
area.  
Then, the only parameters t o  influence design w i l l  
be a, 8 ,  y, A ,  and E. 
C. Design Procedure -Examples 
The following design procedure is now proposed for protect ion 
aga ins t  meteoroids when mass does not exceed 10 g. 
1. Define mission length T 
2. Select sh ie ld  area A 
3. Select a sa fe ty  l e v e l  (expressed as the probabi l i ty  p of 
no impact above the  maximum impact mass M 
t he  sh ie ld  w i l l  be designed) 
against  which max 
3-21 
4,  
5. 
6. 
7. 
8. 
9. 
10. 
11. 
1 2  6 
13. 
14.  
15. 
16. 
Compute M corresponding t o  p from the mass f lux  model. 
This is  a f i r s t  t r i a l  and error to  determine which one of 
Equations 3-1 o r  3-2 applies.  
and recompute M 
Se lec t  a = (Mej)max/Mmax 
Compute (M ) 
Selec t  s o i l  dens i ty  y 
max 
If  Mmax > 10 g reduce A 
(second t r i a l  and e r r o r )  max 
e j  max 
Compute V KEiX = (Mejlmax /Y 
Select (3 ( r a t i o  depth/diameter o f  crater) 
Compute d (depth of l a r g e s t  c r a t e r )  max 
Select A = t/dmax A - > 3 
Obtain the s o i l  sh ie ld  thickness t 
sh ie ld  Compute the t o t a l  mass of the sh ie ld  M 
Compute the to ta l  m a s s  eroded M corresponding 
t o  the f lux lo-' < m < M 
Se lec t  E (allowable erosion r a t i o  of the  sh ie ld)  
e j  
using Equation 3-3 max - -  
sh ie ld  > E, increase A and recompute M If Me j'Mshield 
and M ( t h i r d  t r i a l  and e r ro r )  
e j 
Example 
1. T = 6 months 
2. A = 100 m2 
3. p = 99.99% 
4. 
5. a = 10 
Mmax = 4.2 g (from Equation 3-2) 
4 
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6. 
7, 
8. 
9. 
10. 
11. 
12.  
13. 
14. 
15. 
16. 
= 4,2 a i o 4  
y = 1.5 g/cm3 
'max 
= 28 e i o 3  cm3 
f 3 = 4  
d = 19 c m  
A = 3  
t = 57 cm of s o i l  
MshieXd 
M 
E = 0.1 
Me j lMshie ld  
( A  = 3 and t - 57 cm s a t i s f y  both constraints)  
maX 
= 85.5 * l o 6  g 
= 8.6 e l o 5  g 
e j  
= 1 % < E  
This sample computation is now expanded in to  T a b l e  3-6 for 
d i f f e ren t  values of T, A, a ,  and y (p = 99.99%, f3 = 4, and A = 3 are 
fixed parameters). It can be seen t h a t  even with the lowest A ,  the  per- 
forat ion cons t ra in t  i s  overwhelming. The erosion almost never exceeds 
1% of the t o t a l  sh ie ld  mass. 
D. Summary - Conclusions 
Some major conclusions have already been presented above 
(Pages 3-19 and 3-20), and we s h a l l  add t o  them the  following. 
In  the  present state of the a r t ,  the  above model and r e s u l t s  
are believed t o  be a workable t o o l  for design of lunar s o i l  shields  
against  the meteoroid hazard. Estimates can be rendered conservative 
through adequate choice of parameters as follows. 
The c r i t i c a l  cons t ra in t  has proven t o  be perforat ion;  thus,  
any safe ty  fac tor  s h a l l  be b u i l t  i n to  the computation of d 
dmax 
where max ' 
is proportional t o  the other  parameters as shown: 
y1/3  '1/3 
( 3 4 3  
a1 /3  
1 /3  
MmaX 
1 / 3  
(Mej)max 
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It is recommended that a be taken as lo4  before any further 
research proves it to be consistently smaller. "he most conservative 
value for B would be 13 = 3. When the desired confidence level is 
increased, M is also increased and so are d and t. maX maX 
This model could be used for short missions with p > 99.99 
percent, but for one year missions with a shield area of 100 m2, p is 
restricted to p < 99.99 percent by the corresponding M = 10 g. It 
is, however, felt that this upper limit on M represents a realistic 
weighing of hazards in lunar exploration. 
maX - 
maX 
The shield thicknesses considered will probably require, in 
extended missions, the handling of non-negligible masses of lunar soil; 
this problem has been discussed in previous chapters and by Fields et 
al. (1967). 
Eventually, these thickness specifications are still much 
lower than those which would tend to provide the equivalent of one eartb 
atmosphere for shielding (Corp et al., 1967) (750 cm or 25 feet for 
y = 1.35 g/cm3), and thus more within the realm of practicality. 
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IV, SHIELDING AGAINST TEPlIPERATURE VARIATIONS 
A~ Environment 
B e t t e r  knowledge of lunar surface temperature has been achieved 
through successful Surveyor missions (Lucas e t  al . ,  1966, 1967a, 1967b, 
1968). 
The d iurna l  var ia t ion  ( for  a 28-day lunar "day") is  taken t o  
be 310" K (from 90° K t o  400" K) a t  the very surface.  Accordingly, 
protect ion has t o  be provided against  these extreme temperatures. 
so lu t ion  discussed here w i l l  be the use of a she l t e r  buried under a 
sh ie ld  of lunar  s o i l s  o r  rock, the thickness of which is t o  be determined 
so t h a t  temperature gradients under t h i s  sh ie ld  w i l l  be minimum. 
near constant temperature achieved below the  sh ie ld  might not be adequate 
f o r  l i v ing  quar te rs ,  but the problem of heating and insu la t ion  of the 
s h e l t e r  w i l l  not be discussed here. W e  s h a l l  only t r y  t o  provide a s t a b l e  
environment. 
The 
The 
B. Lunar Surface Thermal Character is t ics  
Temperature gradients w i l l  decrease a t  depth i n  the s o i l  sh i e ld  
according t o  the thermal propert ies  and densi ty  of the s o i l .  The following 
parameters are considered: 
k = t o t a l  thermal conductivity ( rad ia t ive  + conductive) 
joules/cm K 
c = spec i f i c  heat ,  joules/gr "K 
y = densi ty ,  g/cm3 
r = thermal i n e r t i a  = (k p c) 
6 = thermal d i f f u s i v i t y  = k/yc = k2r2cm2/sec 
-1/2 
Reliable estimates have supposedly been obtained f o r  r through 
the "high-resolution" sensors of Surveyors a s  opposed t o  te lescopic  obser- 
vation data. W e  s h a l l  adopt (After Lucas and Harrison e t  a l . ,  1968): 
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The densi ty  of lunar  s o i l s  can a l so  be r e s t r i c t e d  t o  a narrow 
bracket i n  the  upper few meters (see Volume Is Chapter 2 of t h i s  report)  : 
However, the i n  s i t u  thermal conductivity and spec i f i c  hea t  of 
lunar  s o i l s  and rocks, hence t h e i r  d i f f u s i v i t y  a re  not  y e t  accurately 
known. Dif fus iv i ty  w i l l  govern the rate and extent  of the decrease of 
temperature f luc tua t ions  with depth. 
C. Select ion of a So i l  Thermal Model 
Many e f f o r t s  have been devoted to  the  determination of k and 
c ch ief ly  through experiments on simulated lunar soils i n  simulated 
lunar  environment (pressure,  temperature, and gravity) and construction 
of models with varying degrees of sophis t icat ion (L insky ,  1966; Jones, 
19671, t o  r e f l e c t  experimental o r  on s i te  data .  
Considering the above values adopted fo r  y and r ,  the product 
k * c is then: 
Some average values proposed f o r  k and c f o r  powders and fine-grained 
simulated lunar Soi l s  i n  lunar temperature and pressure environment a re  
summarized i n  the following T a b l e  3-7. 
H e r e  we s h a l l  use average values of d i f fus iv i ty ,  which amounts 
t o  adopting f o r  these f i r s t  estimates an acceptable temperature inde- 
pendant model. From the preceeding, values of the parameters w i l l  thus 
be : 
400 - -  < r < 800 cm2 sec 1'2 O K / c a l  
1.0 - -  < y < 1 .5  g/cm3 
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TABLE 3-7, SU ARY OF PROPOSED K A D C VALUES FOR LUNAR SOILS 
Reference Temperature Average Range Val ue Remarks 
k r n e t t  (1963) 200 - 360 6.6 x 10- 
Buettner (1963) 260 - 360 3.2 x 10" 
Watson (1964) 150 - 350 6.7 x 10- 
Total Thermal 
Conductivity, k Wechsler (1965) 280 - 330 6.6 x 10- 
joules/cm, O K  Clayton (1966) --.. 2.1 x lo7 
A.D.  L i t t l e  (1966) --- 1.25 x 10- 
Jones (1967)" --_ --- 
Harri son ( 1968) --- 1 to  2 x 10- 
__ 
Size = 20 - 200 ~c 
Size = 5 1-1 
Size = 100 1.1 
Size = 100 - 150 1-1 
--- 
-- - 
--- 
--- 
Linsky (1966) a ~ 1 1 3  0.2 
C1 ayton ( 1966) T independ. 0.7 
A.D. L i t t l e  (1966) depend. 10- T 0.7 
Specific Heat, 
c cal/g,  O K  Dul nev (1967) T independ. 0.2 
Halajian (1967) T independ. 0.2 
Jones (1967)* --- --- 
nderage Values i n  
200 - 350 O K  Range 
Harrison ( 1968) --- 0.2 
* See Table 3-8. 
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0.2 = c cal/g OK 
5.2 X 10- - -  < k < 3.1 X 10- 
1.75 X 10- < 6 < 1.55 X 10- 
D. 
cal/cm e sec e OK 
cm2/sec - -  
Decay of Temperature Fluctuations with Depth 
One-dimensional d i f fus ion  equations can be used now, f o r  
temperature f luc tua t ion  computations i n  the sh ie ld  provided w e  assume 
t h a t  the in t e r f ace  between bottom of s o i l  sh ie ld  and top of she l t e r  
insulat ion s t ays  a t  the near ly  constant temperature obtained a t  depth 
t i n  the  semi-infinite medium. This implies adequate design of s h e l t e r  
insulat ion.  A l l  t h a t  w i l l  be achieved by the  s o i l  sh ie ld  w i l l  be t o  
eliminate temperature f luc tua t ions  on the outs ide of  the she l t e r .  
The temperature a t  the lunar surface can be expanded i n  a 
Fourier series of the form: 
27T 
W 
where - = T, the  period of ro ta t ion  of the moon a b o u t , i t s  ax is .  
The solut ion of the d i f fus ion  equation ( C a r s l a w  and Jaeger,  19591, i s ,  a t  
depth t , 
where 
Local thermal anomalies w i l l  not  be taken i n t o  account, and a s  
suggested by o thers  (Schlumberger Report, 19661, w e  w i l l  use an average 
model for  lunar  surface temperature, as a function of t i m e  8 ,  
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= - T2 (2m + 1 ) ~  < we 
(m = 0 ,  1, 2 ,  ...) 
where temperature is  measured relative t o  240°K and T1 = 160°K and 
T2 = 15O0K. Then,diurnal waves e s t ab l i sh  an average temperature: 
=I-- T1 T2 + 240 f( 216OK 
Tav n 2 
around which the temperature o s c i l l a t e s .  
The amplitude of t h i s  o s c i l l a t i o n  decays exponentially with 
depth and the square root  of frequency. This decay i s  d i f f e ren t  f o r  the 
d i f f e ren t  harmonics of the var ia t ion.  W e  s h a l l  use only the f i r s t  three 
harmonics which are computed as: 
T i *  = - +  T1 2 2T IT 1 7 5 . 5 0 ~  - 
2T2 T3* = + -= 1 9 O K  5Tr 
so t h a t  the t o t a l  f luctuat ion a t  depth t is: 
AT (t) = 2T1* e <l t  + 2T2* e*2t + 2T3* e i s t  max 
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where 2 
w 
51 = 26 2w 52 = - 26 
3w 
5 3  = - 26 
and : 
w = 2.5 x 10- rad/sec 
A T ( t )  is  presented for  d i f f e r e n t  values of 6 a t  d i f f e r e n t  depths i n  Fig. 3-2. 
E. summary - Conclusions 
Jones (1968) has recent ly  s tudied the  same problem and presented 
twelve possible cases a t  the same thermal model of the lunar surface upper 
layer .  Of these,  the  ones judged here the most l i k e l y  with regard to  our 
previous discussion of thermal parameters are presented i n  Table 3-8 
together with models of t h i s  study. 
Remark .  Annual temperature f luctuat ions a l s o  e x i s t  on the  lunar 
surface.  However, fo r  d i f f u s i v i t i e s  lower than cm2/sec and a t  depths 
shallowe* than 100 c m ,  t h e i r  amplitude is considerably smaller than the 
amplitude of d iurna l  waves (A. D. L i t t l e ,  1967). Accordingly, they have 
not  been considered here. 
Conservative estimates for  s o i l  shielding w i l l  use the higher 
d i f f u s i v i t i e s .  
adopted be a s  follows: 
It is  then proposed t h a t  the ranges of l i k e l y  values t o  be 
400 < r < 800 - -  
1.0 < y < 1.5 
1.75 e 10- < 6 < 1.55 x 10- 
- -  
- -  
Accordingly, a soi l  sh ie ld  o f  thickness 50 c m  is believed t o  
provide adequate protect ion against  diurnal  lunar temperature f luc tua t ions  
if w e  accept a AT = 1°K. allow 
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18 36 52 
DEPTH, 
CM 
FIG. 3-2. Diurnal temperature fluctuations at depth, in lunar soils of 
different diffusivities . 
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TABLE 3-8. Depths Beneath the Lunar Surface a t  which the 
Total Diurnal Temperature Fluctuation Does Not 
Exceed l ° K  f o r  Different Values o f  Diffusivity 
Re f ere nce Model To No. O K  r 
6 
cm2/sec 
t 
cm 
3 ones 
(1967) 
4 233 500 2.5 x 10- 25 ** 
5 224 75 7 1.1 x 10- 15 
6 223 800 6.0 x 10- 34 
1 o* --- 800 6.0 x 10" 36 
11" --- 700 5.0 x 10- 30 
12* --- 600 3.6 x 10- 26 
1 216 400-800 1.0 x 10- 5 2*** 
This Report 2 216 400-800 5.0 x 10- 36 
3 216 400-800 1.0 x 10- 18 
* S = 1352 watts/m2(solar constant, a f t e r  Surveyor I )  
** Estimated from figures o f  Ref. 36 
*** From Fig. 3-2, this section. 
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V. SIJMMARY - CONCLUSIONS 
Detailed conclusions have been drawn separately fo r  each of the 
hazards considered i n  t h i s  work. Recurring parameters v i t a l  t o  s o i l  
sh ie ld  design have been assigned specif ic  values o r  value brackets tak-  
ing in to  account the most up t o  date knowledge of lunar surface propert ies ,  
processes and environment. Overall r e s u l t s  are shown i n  T a b l e  3-9. 
TABLE 3-9. Summary o f  Lunar So i l  Shie ld ing  Study 
Charac te r  i s t i cs o f  Method o f  Minimum Adequate 
the Hazard Approach Shie ld  Thickness ( t )  Hazard 
Dependent on mission Probabi? i s t ic  30 cm 
Independent o f  s h i e l d  
length  
a r e a  
Radi a t i  on 
Dependent on mission P r o b a b i l i s t i c  90 cm 
Dependent on s h i e l d  1 y e a r  
length  
a r e a  
Meteoroids 
Independent o f  mission 
length  (T > 28 days) 
Be te rmi n i s t i c 50 cm 
Tempe ra ture 
Independent o f  shield Gradien ts  
a r e a  
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The thickness t of the s o i l  shield is  i n  each case a function of 
the following parameters: 
Radiation: t(dmaxi p, T ,  y) 
Meteoroids: ‘’maX, pt T,  A, B i  at y) 
Temperature: t ( k ,  c,  AT^^^^^ 1 Y) 
Since detai led design procedures have been presented, t h i s  work is 
a too l  which can be applied t o  any given mission length, shield area,  and 
desired level  of r i sk  d i f fe ren t  from the ones considered here. 
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LIST OF SYMBOLS 
Radiation 
dmax 
Dmax 
P 
tA1 
td 
t 
Y 
Meteoroids 
A 
dmax 
kl, k2 
m 
m maX 
m 
ej 
(m 1 1  ej 
(M . ) I  e1 
(M .)2 e1 
‘Me j max 
‘Me j mission 
M 
ej 
Mmax 
maximum allowable dose/day (rads) 
maximum allowable dose/mission (rads) 
desired probability of no over-exposure ( % )  
dimensionless shield thickness based on results for 
aluminum shields (g/cm2) 
dimensionless shield thickness for any material ( g/cm2) 
soil shield thickness (cm) 
soil density (g/cm3) 
shield area (m2) 
depth of largest crater (produced by largest primary 
impact of mass M ) (cm) max 
constants of the mass flux model 
meteoroid mass (9) 
maximum meteoroid mass against which shield is designed 
(usually m - M,,) (9.1 max 
mass of largest ejected fragment upon primary impact (9) 
mass ejected by a primary impact = a 0 m (9) 
total mass ejected by primary impacts (g/n2/sec) 
total mass ejected by secondary impacts (g/m2/sec) 
Mmax 
total mass ejected from shield by all impacts 
maximum mass expected to impact on the shield over mission 
length with a probability p (9) 
3-40 
total mass flux expected to impact on the shield with a 
probability p (9) Mtot 
total mass of the shield as designed (9) 
total number of impacts above mass m (no./m2/sec) 
total number of impacts of mass m (no./m2/sec) 
(1 - 10 ) %  confidence level adopted for shield design with 
Mshield 
N 
N* 
P 
-n 
respect to perforation and erosion constraints. 
to Mmax 
Applies 
P 
t 
probability of impact above a given m for given A and T (%) 
soil shield thickness 
maX 
T mission length on the lunar surface making use of shield (sec) 
V meteoroid velocity (km/sec) 
V ejection velocity of primary ejecta taken as impact speed of 
ej secondary impacts (km/sec) 
V velocity of largest primary impact (km/sec) max 
vmax volume ejected by largest primary impact = volume of largest expected crater in shield (cm3) 
a (m )l/m = ratio of mass ejected by peteoroid to meteoroid's 
mass 
B 
Y 
ratio of primary impact crater diameter to depth 
bulk density of lunar soil (g/cm3) 
(thick target) A t/dmax 
characterizes erosion lMe j) mission lMshield E 
Temperature 
C specific heat (joule/g OK) 
k thermal conductivity (watt/cm, OK) 
t depth in lunar soil shield (cm) 
T temperature (OK) 
3-41 
NOTE: Some 
that 
maximum dirunal temperature fluctuation (OK) 
maximum allowable temperature fluctuation at depth (OK) 
lunar soil density (g/cm3) 
thermal inertia (cm2 
thermal dif fusivity (cm2/sec) 
(n ~ / 2 6 ) ~ / ~  factor of exponential damping with depth 
time 
set'" e OK/joule) 
symbols differ from standard notations (e.g. T I  e l . . . )  so 
some recurring parameters (e.g. y I  t,...) can be kept the 
same throughout. 
